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La mémoire de travail — c’est-à-dire la capacité limitée de retenir et de manipuler 
temporairement l’information — est un déficit cognitif central en schizophrénie. La 
perturbation de cette fonction possède un fort impact dans la vie quotidienne des patients. 
Des travaux récents de notre laboratoire ont pu mettre en évidence que ces troubles de 
mémoire de travail ne sont pas homogènes et que certains processus sont plus perturbés 
que d’autres. Par exemple, une méta-analyse du laboratoire a démontré que l’encodage 
volontaire d’information est une des fonctions spécifiquement affectée en schizophrénie 
(Grot, Potvin et al. 2014). Plus spécifiquement, l’association volontaire d’informations 
distinctes en un ensemble cohérent (par exemple, un objet et sa position spatiale) est 
déficitaire chez les patients. Ce déficit spécifique est notamment sous-tendu par une 
hypoactivation du cortex préfrontal et pariétal chez les patients (Grot, Légaré et al. 2017). 
Ces deux régions sont liées à l’attention, à la manipulation d’information, et aux 
stratégies d’encodage, ce qui confère l’habilité et la flexibilité nécessaire à la mémoire de 
travail (Kane and Engle 2002, Baddeley 2003). Il est intéressant de noter que de 
nombreuses études rapportent aussi une réduction de l’épaisseur corticale de ces régions 
chez les patients, ainsi qu’une altération des fibres blanches les interconnectant 
(Goldman, Pezawas et al. 2009). En ce sens, notre étude a montré qu’une modification 
anatomique du réseau préfrontal-pariétal pourrait expliquer le déficit spécifique de 
mémoire de travail en schizophrénie. Plus spécifiquement, la latéralisation gauche de ce 
réseau serait atténuée en schizophrénie, et engendrerait le déficit observé en mémoire de 
travail. 
 
Mots-clés: Schizophrénie, Mémoire de Travail, Imagerie de Diffusion, Épaisseur 
Corticale   
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Abstract 
Working memory, which is the limited capacity to temporarily maintain and 
manipulate information, is a core cognitive deficit in schizophrenia. This impairment has 
a strong impact on the daily lives of patients. A previous study of our laboratory observed 
that working memory deficits are not homogeneous and that some processes are more 
disturbed than others (Grot, Potvin et al., 2014). This was supported by a subsequent 
study, which showed that the voluntary association of distinct information into a coherent 
whole (i.e. an object and its spatial position) was specifically impaired in patients with 
schizophrenia (Grot, Légaré et al., 2017). This specific deficit, which is referred to as 
active binding, is underpinned by a hypoactivation of the left prefrontal and parietal 
cortex in patients (Grot, Légaré et al., 2017). These two regions are related to attentional 
processes, manipulation, and encoding strategies, which confer the skills and flexibility 
required for working memory (Kane and Engle 2002, Baddeley 2003). Interestingly, 
numerous studies report a cortical thickness reduction in these regions, as well as an 
alteration of the white fibres interconnecting them in patients with schizophrenia 
(Goldman, Pezawas et al., 2009). Accordingly, our study showed that anatomical 
modifications of this network could underpin the specific active binding deficit observed 
in schizophrenia patients. More specifically, a reduced leftward lateralization of the 
prefrontal-parietal network could contribute to this specific working memory deficit in 
patients.  
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1. Schizophrenia  
a) General  
Schizophrenia is a chronic disease which alters the behaviour, thoughts, and 
general functioning of affected individuals (National Institute of Mental Health 2015). It 
is characterized by three main symptoms categories: positive, negative, and cognitive. 
Positive symptoms include psychotic manifestations such as hallucinations, delusions, 
and thought disorders (National Institute of Mental Health 2015). Negative symptoms 
refer to a diminution of normal functions, such as depression, reduced emotional 
expression, and lower general pleasure (National Institute of Mental Health 2015). 
Finally, cognitive symptoms include reduced attentional capacities, inability to 
understand and use information in order to attain a goal, and lower learning capacities 
(National Institute of Mental Health 2015). Those symptoms create a general lower 
quality of life, and the impacts on patients, but also on society are broad. The main 
characteristics and consequences of this devastating disease will be described below.  
Prevalence, Impact on Society and Patients 
!
Schizophrenia affects about 1% of the Canadian population (Health Canada 
2002), and about 21 million people worldwide (World Health Organization 2017). This 
percentage rises to 8-12% for individuals having a schizophrenic sibling or parent, and to 
40-50% for identical twins (Tamminga and Holcomb 2004). Men and women are equally 
impacted, although men usually develop the symptoms approximately 5 to 7 years earlier 
(Health Canada 2002, Tandon, Nasrallah et al. 2009). Moreover, women usually present 
fewer cognitive impairments, fewer negative symptoms, better social functioning, 
typically respond better to treatment, and have a generally better global outcome 
(Grossman, Harrow et al. 2008, Luoma, Hakko et al. 2008, Tandon, Nasrallah et al. 2009, 
APA 2013).   
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Impact on Patients 
The impact of this disease on a patient life is profound. Patients have a reduced 
ability to maintain a number of facets of their lives, such as social interactions, 
employment, self-care, as well as having a generally reduced quality of life (Health 
Canada 2002, Canadian Psychiatric Association 2005, Carpenter 2008). Schizophrenia 
arises in early adulthood, with an onset between 15 and 45 years (Tandon, Nasrallah et al. 
2009). The age of onset is related to the severity of symptoms. Indeed, patients diagnosed 
before the age of 20 present more negative and cognitive symptoms, and usually have a 
worse prognosis (Tohka, Zijdenbos et al. 2004, Luoma, Hakko et al. 2008). Moreover, 
about 52% of the patients hospitalized are aged between 25 and 44 years old (Health 
Canada 2002). This early onset often refrains patients from forming families, creating 
social ties, maintaining employment, or completing their education (Health Canada 
2002). In fact, 60 to 70% percent of patients do not marry, and many withdraw from 
social circles during the early years of the illness (Health Canada 2002).  
Patients also have a reduced life expectancy (Canadian Psychiatric Association 
2005). When untreated, their lifespan is shortened by roughly 15 to 20 years (Tandon, 
Nasrallah et al. 2009). This is due to a number of factors such as comorbid mental 
disorders including anxiety, depression, and intellectual disability (Ciapparelli, Paggini et 
al. 2007, Tandon, Nasrallah et al. 2009). Mental disorders also increase death by suicide. 
Indeed, suicide is higher in patients than in the general population, a phenomenon linked 
to comorbid depression, substance abuse, medication discontinuation, and increased 
impulsivity (Tandon, Nasrallah et al. 2009). This results in a 40 to 60% increase in 
suicide attempts, leading to a 10 to 15 times increased likelihood of death by suicide in 
schizophrenic patients compared to the average population (Elizabeth D. Radomsky, 
Gretchen L. Haas et al. 1999, Health Canada 2002). Furthermore, comorbid physical 
disorders also reduce lifespan, and include increased cardiovascular incidence, diabetes, 
metabolic syndrome, and pulmonary disease (APA 2013). Schizophrenic patients usually 
have an increased risk of physical disorders, due to increased obesity, cigarette smoking, 
sedentary life, as well as a reduction of access and quality of care (Tandon, Nasrallah et 
al. 2009, APA 2013). Lastly, prognosis is generally more favourable when a number of 
factors are present such as superior premorbid phase, greater neurocognitive capacity, 
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female gender, lack of substance use, and late onset (Flyckt 2006, Tandon, Nasrallah et 
al. 2009).  
 
Impact on Society 
Although representing a small proportion of the population, schizophrenia creates 
a high burden on the society, the health care system, as well as on the families. In 1996, 
the direct cost of schizophrenia in Canada was about 2.35 billion $ (Health Canada 2002, 
Goeree, Farahati et al. 2005). This is due to hospitalization, assistance plans, incarceration 
costs, comorbidity, as well as reduced employment (Health Canada 2002). Indeed, the 
patient population is over-represented in incarceration and homelessness situations, with 
about only 1/5 of patients having a full-time job (Health Canada 2002, Robert 
Rosenheck, Douglas Leslie et al. 2006, Tandon, Nasrallah et al. 2009). A 2002 review of 
literature reported that on average, 11 % of homeless people suffer from schizophrenia 
(Folsom and Jeste 2002). As for incarceration, a longitudinal study showed that about 9% 
of patients will be incarcerated four years after the disease onset (Jonathan D. Prince , 
Ayse Akincigil  et al. 2007). Finally, a proportion of patients as high as 80% will have 
episodes of substance abuse (Health Canada 2002). This increases suicidal thoughts, 
violence, incarceration rate, and reduces recovery (Munetz, Grande et al. 2001, Tandon, 
Nasrallah et al. 2009).   
Importantly, about half of the patient population worldwide does not receive care, 
and if they do, it is mostly at the community and family level (World Health Organization 
2017). Families of patients show higher subjective and objective burden than any other 
chronic disease (Magliano, Fiorillo et al. 2005, Tandon, Nasrallah et al. 2009). Moreover, 
they usually have lower social and professional support in comparison to families of 
patients with other chronic diseases (Magliano, Fiorillo et al. 2005, Tandon, Nasrallah et 
al. 2009). Finally, stigmatization leads to discrimination, fear, reduced self-esteem, which 
can precipitate social withdrawal (Read, Haslam et al. 2006).  
All in all, schizophrenia is a debilitating disease, which has a great impact not 
only on patients, but also on their family, and society in general. The combination of 
symptoms, which have their onset very early in life, as well as the prejudice 
accompanying this disease, prevents a decent quality of life, and creates social isolation. 
! 4 
Patients are overrepresented in incarceration and in homelessness situations, and often 
have substance abuse problems, which create a number of other consequences such as 
violence, and suicide. Schizophrenia research is therefore crucial, in order to better 
understand its aetiology and pathophysiology, and support patients suffering from this 
devastating disease.  
b) History  
The progression of the inclusion criteria of schizophrenia not only affected 
diagnosis, but research as well, as its evolution led the way in the development of 
pharmacotherapies. It is critical to assess the progression of the inclusion criteria in order 
to understand the current knowledge of this disease. Schizophrenia is a highly 
heterogeneous disease, and the diagnostic weight put on individual symptoms created a 
bias towards psychotic symptoms. In fact, research has not only been delayed due to the 
complex nature of the disease, but also because of the lack of consensus in the 
identification, and core nature of the disease (Carpenter 2008).   
Kraeplin, Bleuler and Scheinder 
In the late nineteenth century, Emil Kraepelin described a large cluster of diseases 
sharing a common pattern, which he named “dementia praecox”, literally meaning 
“cognitive decline with onset in youth” (Hoenig 1983, Tandon, Nasrallah et al. 2009, 
Jablensky 2010). Manifestations of the disease all lead to cognitive and behavioural 
decline, and seemed to follow the same temporal course, such as similar type and time of 
onset (Carpenter 2008). What he called “dementia praecox” included diseases like 
paranoia, catatonia, and thought disorder.  
Later, Bleuler (1911) coined the term “schizophrenia”, literally split mind, 
insisting on the fact that “the split of several psychic functions is one of its most 
important characteristic” (Bleuler 1951, Hoenig 1983). Split mind highlighted the 
hypothesis that patients had a mental rupture within thought, affect and behaviour 
(Carpenter 2008). It also permitted the use of the plural form “schizophrenias”, as Bleuler 
insisted that schizophrenia was not a disease by itself, but rather a group of diseases 
(Tandon, Nasrallah et al. 2009). Bleuler also divided the symptoms into two categories, 
basic and accessory (Jablensky 2010). The basic, fundamental symptoms, which he 
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believed were present in all cases, included thought disorder, discordant affect, loosening 
of associations, autism, and withdrawal from reality (Fonov, Evans et al. 2009, Jablensky 
2010). On the other hand, the accessory symptoms resembled what is now called positive 
symptoms, such as hallucinations, and delusions (Jablensky 2010).  
The symptom balance changed dramatically in the mid-twentieth century, due to 
the increasing need for a reliable, specific diagnosis. Psychotic symptoms being more 
easily characterized were thus put in the forefront of the diagnostic criteria. Schneider 
proposed that nine groups of psychotic symptoms be of crucial weight in the diagnosis; 
such as delusions, out of body experience, and voices (Schneider 1950, Jablensky 2010). 
Those “first rank symptoms” were included in the DSM-III with the hopes of increasing 
the diagnosis accuracy, thereby renouncing to the central cognitive deficit present in 
Kraeplin and Bleuler’s schizophrenia model, and establishing reality distortion as the 
major manifestation of this disease. From this point, most clinical trial measured 
antipsychotics therapeutic response through psychosis, while cognitive and negative 
symptoms were mostly left out (Carpenter 2008). In fact, the psychosis treatment efficacy 
was considered as efficacy to treat the whole schizophrenia spectrum (Carpenter Jr 2004). 
Still, a number of studies showed that those psychotic symptoms do not accurately 
predict the patient outcome (Michael Foster 1996, Waters 2009). In fact, psychotic 
symptoms were shown to be the worst predictors of functional outcomes of all three 
symptom categories (Michael Foster 1996). On the other hand, certain neurocognitive 
measures, such as the Wisconsin sorting card task (WSCT), were more predictive of 
functional outcome than psychotic symptoms (Michael Foster 1996). 
Finally, in an attempt to characterize schizophrenia more accurately, Strauss 
(1974) introduced the tripartite model in 1974 (Carpenter Jr 2004). This concept was 
proposed to address the issue of the low association between various clinical symptoms. 
The separation of psychotic positive, negative, and cognitive symptoms permitted the 
etiologic study and treatment of each symptom category. Supporting this, Carpenter Jr 
(2004) found that while there was low within-subject correlation between the three 
symptom categories, each symptom category had a highly predictive power within itself 
for each individual. This therefore put back on the forefront the hypothesis that 
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schizophrenia is a group of diseases, emphasizing the importance of its study through 
various collection of symptoms (Carpenter Jr 2004).  
All in all, there was an important evolution of the definition of schizophrenia, as 
this disease seems to differ between individual regarding the extent of the expression of 
each symptom category. Taking all those factors into account, the current diagnosis 
criteria of schizophrenia will be exposed below.  
c) Diagnosis of Schizophrenia 
!
The diagnosis for schizophrenia is still broad, and mostly based on subjective 
measures (Jablensky 2010). The diagnosis criteria, as defined by the Diagnostic and 
Statistical Manual of Mental Disorders V (DSM-V, 2013), are as follows1:  
 
A.!Two (or more) of the following, each present for a significant portion of time 
during a 1-month period (or less if successfully treated). At least one of these 
must be (1), (2), or (3):  
1. Delusions.  
2. Hallucinations. 
3. Disorganized speech (e.g., frequent derailment or incoherence). 
4. Grossly disorganized or catatonic behaviour. 
5. Negative symptoms (i.e., diminished emotional expression or avolition). 
B.!For a significant portion of the time since the onset of the disturbance, level of 
functioning in one or more major areas, such as work, interpersonal relations, 
or self-care, is markedly below the level achieved prior to the onset (or when the 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1"Definition taken verbatim from the DSM-V, 2013  
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onset is in childhood or adolescence, there is failure to achieve expected level of 
interpersonal, academic, or occupational functioning). 
C.!Continuous signs of the disturbance persist for at least 6 months. This 6-month 
period must include at least 1 month of symptoms (or less if successfully treated) 
that meet Criterion A (i.e., active-phase symptoms) and may include periods of 
prodromal or residual symptoms. During these prodromal or residual periods, 
the signs of the disturbance may be manifested by only negative symptoms or by 
two or more symptoms listed in Criterion A present in an attenuated form (e.g., 
odd beliefs, unusual perceptual experiences). 
D.!Schizoaffective disorder and depressive or bipolar disorder with psychotic 
features have been ruled out because either 1) no major depressive or manic 
episodes have occurred concurrently with the active-phase symptoms, or 2) if 
mood episodes have occurred during active-phase symptoms, they have been 
present for a minority of the total duration of the active and residual periods of 
the illness. 
E.!The disturbance is not attributable to the physiological effects of a substance 
(e.g., a drug of abuse, a medication) or another medical condition. 
F.!If there is a history of autism spectrum disorder or a communication disorder of 
childhood onset, the additional diagnosis of schizophrenia is made only if 
prominent delusions or hallucinations, in addition to the other required 
symptoms of schizophrenia, are also present for at least 1 month (or less if 
successfully treated). 
Diagnosis can also be made with specifiers such as the number of episodes  (first 
episode, or multiple episodes), the current period (acute, remission, partial remission, or 
continuous), the severity of symptoms, or if the illness is accompanied by catatonia (APA 
2013) 
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Following this definition it is clear that the diagnosis is still highly skewed 
towards psychotic symptoms, as hallucinations, disorganized speech or delusion must be 
present for at least one month in order to be diagnosed. This represents the Schneiderian 
point of view that schizophrenia is mainly a psychotic illness. Negative symptoms are 
part of the diagnosis, however, not crucial. The chronic aspect of the disease is also 
present, as impairment in various functions has to be present for at least 6 months 
(Criterion C). Interestingly, cognitive symptoms are not part of the core diagnosis. The 
addition of those symptoms to the DSM-V was considered, but they were excluded in the 
end. Indeed, some argued that cognitive symptoms were not adequate for differential 
diagnosis, as they are present in a number of other psychotic disorders (Barch, Bustillo et 
al. 2013). For example, the neurocognitive profile of bipolar and schizophrenic patients is 
quite similar for verbal memory and speed processing (Barch, Bustillo et al. 2013).Yet, 
the progression of cognitive impairments can usually distinguish between those two 
disorders. Indeed, schizophrenia is characterized by cognitive impairments present before 
the onset, which will stay stable throughout the disease. On the other hand, bipolar 
individuals present increased cognitive dysfunction during active phases, such as mania 
or depression (Barch, Bustillo et al. 2013). Nonetheless, cognitive symptoms still have a 
strong influence on Criterion B, which is the impairment of functioning in one or more 
aspect of life (APA 2013). Moreover, the cognitive decline present before the onset of the 
disease could also be important for early diagnosis, as described below.  
 
d) Evolution of Disease  
!
Schizophrenia develops over time, and can be divided into a number of periods. 
Yet, it is important to note that those phases are not always clearly demarked (Tandon, 
Nasrallah et al. 2009). During childhood, individuals who will later develop the disease 
have a number of subtle cognitive, motor and social impairments (Tandon, Nasrallah et 
al. 2009). This constitutes the premorbid phase, which includes attention deficits, poor 
social interactions, and late motor developments (Tandon, Nasrallah et al. 2009). The 
prodromal phase occurs before the first full-scale psychosis, and is characterized by 
cognitive and negative symptoms (Tandon, Nasrallah et al. 2009). This phase can last 
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from months to years, with 5 years as the mean (APA 2013). Attenuated positive 
symptoms, such as subthreshold hallucinations or delusions, also transpire up to one year 
before the first episode psychosis hospitalization (Tandon, Nasrallah et al. 2009). 
Individuals can show eccentric beliefs, perceptions, disorganized speech and behaviour, 
as well as social withdrawal (APA 2013). As stated, this phase is part of the diagnosis 
criteria, and must occur for at least 6 months before onset (Criterion C) (APA 2013). 
Illness onset is defined by the diagnostic criteria of the DSM-V, and therefore individuals 
must present their first “full-blown” psychotic episode (Tandon, Nasrallah et al. 2009, 
APA 2013). After the first psychotic episode, the course of the disease is usually made up 
of episodes of recovery intertwined with relapsing psychotic breaks, with greater 
functional deterioration during the first five years (Tandon, Nasrallah et al. 2009). The 
symptoms then stabilize, as the positive symptoms usually attenuate with years, a 
phenomenon thought be related to the decline in dopamine with age (Tandon, Nasrallah 
et al. 2009, APA 2013). On the other hand, negative symptoms usually increase (Tandon, 
Nasrallah et al. 2009, APA 2013). As for cognitive symptoms, they stay stable, or show 
low improvement over the course of the illness (Tandon, Nasrallah et al. 2009, APA 
2013, Keefe 2014). Thus, cognition is not only impaired before psychosis, but those 
deficits are also stable throughout life, a pattern typical of schizophrenia (Barch, Bustillo 
et al. 2013) The absence of improvement of those functions is an important obstacle for 
recovery (APA 2013).  
Taken together, the three principal symptoms of schizophrenia are regarded in a 
very different way, and their individual importance evolved throughout history. Positive 
symptoms have the greatest diagnosis weight, and are the principal target of 
pharmacotherapy (Carpenter Jr 2004, Tandon, Nasrallah et al. 2010). Yet, those 
symptoms usually become less prominent during illness progression. Negative symptoms 
are presently not treated by medication, and usually persist or worsen (Carpenter 2008). 
Finally, cognitive symptoms are present before onset, and have a relative stability 
throughout the disease. This could be not only important for early diagnosis, but for the 
study of cognitive symptoms as endophenotypes. In fact, cognitive symptoms are present 
in first-degree relatives, who generally show intermediate values, suggesting that there 
could be a genetic contribution, and that cognitive symptoms could be a cause, and not a 
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consequence of the disease (Tamminga and Holcomb 2004, Braff 2015). This could be 
advantageous, as the study of first-degree relatives could eliminate many variable such as 
chronic medication, institutionalization and psychosis (Cornblatt 1994). Moreover, given 
the high heterogeneity of the disease, it would be advantageous to study more 
quantifiable values, such as performance in certain cognitive tasks, than the subjective 
characteristics of positive and negative symptoms (Tamminga and Holcomb 2004). 
Cognitive symptoms are the greatest impediment to quality of life and recovery, social 
life and work, and predict a worst prognosis (Michael Foster 1996). Furthering our 
understanding of cognitive impairment in schizophrenia could not only increase the 
quality of life of the patients, but also improve the understanding of the basic underlying 
deficits of schizophrenia. 
2. Cognitive Symptoms of Schizophrenia  
!
Cognitive deficits are a core symptom in schizophrenia, and more than 80% of 
patients have a deficit in at least one measure (Toulopoulouand and Murray 2004, 
Jablensky 2010). In average, patients will be between half to one and a half standard 
deviation below the general population for a number of cognitive measures (Heinrichs 
and Zakzanis 1998, Cirillo and Seidman 2003). The remaining of the population is 
considered as “high functioning”, as they show similar performance as healthy controls 
on several cognitive tests. Yet, they are still considered below normal range (Hoff , 
Palmer, Heaton et al. 1997, Toulopoulouand and Murray 2004). For instance, it was 
suggested that the 20% of patients scoring in the normal range had higher than normal 
functioning before onset (Wilk, Gold et al. 2005). This was supported by a study which 
observed that when matched by Intelligence Quotient (IQ), patients performed below 
controls in a number for neuropsychological tests (Wilk, Gold et al. 2005). Following this 
logic, “high-functioning” patients would have a deficit compared to their pre-onset 
values, but would fall into the general population values after onset. Nonetheless, it is 
important to mention that most patients have a lower IQ than the average population 
(Bowie and Harvey 2006). This is observed during the premorbid phase, and it seems to 
decline with onset (Bowie and Harvey 2006). Moreover, as for high-functioning patients, 
patient with low IQ will still show cognitive deficits even when matched by IQ to healthy 
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controls (Kremen, Seidman et al. 2001, Bowie and Harvey 2006). Therefore, cognitive 
deficits are not a result of a lower general intelligence.  
As pointed out in the previous section, cognitive deficits appear before onset, are 
not a consequence of the illness, and will persist in a relatively stable manner during the 
illness (Jablensky 2010). During the premorbid phase, cognitive deficits have an average 
effect size of 0.5 (Tandon, Nasrallah et al. 2009, Trotta 2015). Before or at the time of 
onset, cognitive impairment usually increases, after which there is generally a mild 
improvement or stability. Still, the cognitive performance of patients is usually lower 
than controls throughout the illness, and occasionally declines with the disorder’s 
duration (Kremen, Vinogradov et al. 2010). Moreover, antipsychotic medication as no to 
little effect on cognitive symptoms (Keefe, Bilder et al. 2007). Generally, second 
generation atypical antipsychotics are more effective than first generation medication, but 
the effects on cognitive symptoms are still low (Keefe, Silva et al. 1999). Supporting this, 
a meta-analysis including 15 studies using atypical antipsychotics showed that verbal 
fluency and executive function are some of the most improved functions, with attention 
responding to a lesser extent, and learning and memory being the least affected by 
medication (Keefe, Silva et al. 1999). Yet, a more recent meta-analysis suggested that 
first-generation antipsychotics are not totally ineffective (Mishara and Goldberg 2004). 
Indeed, it was found that they have modest to moderate effects sizes on a number of 
cognitive symptoms such as automatic and perceptual processing, attention, memory and 
language, and executive function (Mishara and Goldberg 2004). Nonetheless, most 
studies agree that pharmacological improvements of cognitive symptoms are still very 
low, even if some beneficial effects are observed.  
Cognitive symptoms are also present as an intermediate phenotype in relatives 
(Toulopoulou, Picchioni et al. 2007, Tandon, Nasrallah et al. 2009), and are greatly 
related to functional outcome (Michael Foster 1996, Green, Kern et al. 2004, Carpenter 
2008). Indeed, Green’s influential reviews proposed that global outcome would be related 
to cognitive deficits (Green 1996, Green, Kern et al. 2004). Deficits such as episodic 
memory, working memory, vigilance, and executive functioning, have the greatest 
correlation to functional outcome (Green, Kern et al. 2004). Indeed, Green (1996) argues 
that learning potential is correlated with everyday quality of life, as it permits the 
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acquisition of new skills, which could contribute to a number of crucial aspects in life 
(Figure 1).  
 
Figure 1: Figure Adapted from Green (2000); Learning Potential is Related to Everyday 
Quality of Life 
 
The importance of cognitive symptoms on global outcome led to a tremendous 
increase in the cognitive deficit research in schizophrenia, which resulted in the 
Measurement and Treatment Research to Improve Cognition in Schizophrenia 
(MATRICS) initiative. This conference established seven categories of core cognitive 
deficits, such as speed of processing, attention/vigilance, working memory, verbal 
learning and memory, visual learning and memory, reasoning and problem solving, and 
social cognition (Nuechterlein, Barch et al. 2004, McClure, Romero et al. 2007). Yet, not 
all functions are affected the same way in every patient. A meta-analysis by Fioravanti et 
al. (2005) showed that although there was a global reduced cognitive function in patients 
with schizophrenia compared to healthy control, there was a high heterogeneity in the 
degree to which each process is affected. This finding was re-established seven years 
later, illustrating the stability of the finding (Fioravanti, Bianchi et al. 2012). As there is a 
high heterogeneity of symptoms, this review will concentrate on a few cognitive deficits, 
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which are considered to be the most consistently affected in patients (Cirillo and Seidman 
2003). 
  a) Attention 
 Attention is crucial, as it provides a filter for the great amount of information 
perceived in everyday life. Inputs compete for priority, and attention can create a bias 
towards certain information (Braff 1993, Daniel H. Mathalon, Theda Heinks et al. 2004, 
Luck and Gold 2008). Attention is thus an essential process as it regulates perception, 
memory, and response selection, thereby influencing a number of other cognitive 
processes, such as working memory and executive control (Luck and Gold 2008). 
Impaired attention in schizophrenic patients has been highly documented, and is now 
considered a fundamental deficit (Fioravanti, Carlone et al. 2005, Fioravanti, Bianchi et 
al. 2012). The deficits in attention are present before onset, and are shared with first-
degree relatives, suggesting a genetic contribution (Bowie and Harvey 2006). Although 
the definition of attention seems quite straightforward, this function is multifaceted, and 
modulated by a number of factors (Carter, Bizzell et al. 2010). The various types of 
attention will be described below. 
Sustained attention. First, attention can be transient or sustained. Sustained 
attention is the ability to focus continuously, without being distracted, for the period of 
time necessary to complete a task. For example, it is required when reading a book, as 
individuals with impaired sustained attention would constantly be distracted and unable 
to finish a page. On the other hand, transient attention is the ability to increase attention at 
a moment when a task is more demanding. Therefore, while sustained attention is needed 
throughout a task, transient attention is required at specific moments that are important 
for the task’s performance (Bozikas, Andreou et al. 2005, Fioravanti, Carlone et al. 2005, 
Carter, Bizzell et al. 2010). When performing a task, patients with schizophrenia will 
show a greater decline in sustained attention with time compared to controls, suggesting 
that they are unable to maintain a constant attentional level (Hahn, Robinson et al. 2012). 
This decline increases with task difficultly and cognitive demand (Hahn, Robinson et al. 
2012). However, even at the beginning of the task, attentional levels are lower in patients, 
suggesting that the sustained attention would not be responsible for the whole deficit 
(Hahn, Robinson et al. 2012). Carter, Bizzell et al. (2010) designed a mix block/event-
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related task that allowed the separation transient and sustained attention. The overall 
performance in patients was reduced compared to controls, and altered activations were 
reported for both types of attention. Indeed, Carter et al. (2010) found that although the 
attentional network regions, which will be described in more details below, were more 
active during sustained attention, they presented a lower activation during the transient 
attention compared to controls (Carter, Bizzell et al. 2010). The authors hypothesized that 
this was due to an irrelevant control of attention. Indeed, while healthy controls increased 
their attention network during relevant stages, patients were unable to effectively control 
their attention, resulting in a hypoactivation during transient attention compared to 
controls. In short, patients might recruit the attentional network to a greater extent during 
less demanding tasks, until task demands would become too high, at a point which their 
activation would be unable to compensate (Karch, Leicht et al. 2009, Carter, Bizzell et al. 
2010). This would therefore imply inefficient activation in patients (Karch, Leicht et al. 
2009, Carter, Bizzell et al. 2010). Hence, patients are unable to maintain attentional levels 
during an extended period, representing impaired sustained attention. Furthermore, they 
are unable to increase their attention at critical moments, representing dysfunctional 
transient attention.  
  Selective attention. Selective attention is the capacity to choose and enhance the 
information processing of relevant information, while decreasing irrelevant information 
in order to attain a goal (Braff 1993, Cameron S. Carter, Mark Mintun et al. 1997). For 
example, in a big crowd, it would be necessary to focus on the speech of the person 
talking to us, while ignoring other conversations and sounds. Therefore, selective 
attention requires voluntary processing, and this function is impaired in patients 
(Fioravanti, Carlone et al. 2005). Indeed, patients have trouble focusing their attention on 
low valence cues (Braff 1993). On the other hand, involuntary attention is linked to the 
valence one attributes to a stimulus (Braff 1993). This type of attention is performed in a 
passive way, as the stimuli which are attributed a high valence will be processed in high 
priority. For instance, when the desired input has a high valence, its processing would 
require less control of attention. This type of attention seems to be spared in patients 
(Braff 1993). Supporting this, the importance of selective attention can be highlighted 
when the target used for goal directed behaviour is not the most salient (Braff 1993, Luck 
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and Gold 2008). This was illustrated in a study by Hahn, Robinson et al. (2010), which 
tested the effect of salience on selective attention in schizophrenia. During a visuospatial 
task, half of the target stimuli flickered, thereby increasing their salience, while the other 
half did not flicker. Increased target salience benefited both controls and schizophrenic 
patients. However, when the target had low salience (non-flickering target), controls 
preferentially remembered the non-flickering target, while patients preferably 
remembered the flickering stimuli. Thus, patients had trouble overcoming salient cues, 
supporting the hypothesis that patients have trouble in selective attention, and this 
especially when the target has low salience. 
 When discussing selective attention, an additional distinction was pointed out by 
Luck and Gold (2008). In fact, selective attention could be characterized by rule selection 
and input selection.  Rule selection can be exemplified by the Stroop task, which usually 
consists of coloured words (e.g. the written word “Green” coloured in blue). In this task, 
participants are told to either read the words (here, “Green”), or state the colour of the 
word (here, “blue”). Rule selection is the process by which participants have to choose 
between competing rules, such as the “read the word” or “say the colour”. Therefore, rule 
selection is the ability to apply a rule to a task. On the other hand, input selection is the 
ability to choose an input, and is further characterized by the control of selection, and the 
implementation of selection. The control of selection is the process by which one 
determines which input needs to be selected, while the implementation of selection is the 
process by which one reduces irrelevant inputs and enhances relevant inputs. The authors 
argue that schizophrenic patients have trouble in the control of selection, but not in the 
implementation of selection. Indeed, patients usually are able to perform in spatial cueing 
paradigms, which requires individuals to enhance the processing of the cued location, and 
therefore suggests an intact implementation of selection in schizophrenia (Luck and Gold 
2008). On the other hand, when patients are informed that the target will appear on the 
opposite side of the cued location, patients present a low performance. This involves 
controlling the selection, and overriding the prepotent rule of enhancing the cued 
location. Hence, patients have a deficit in the control of selection, directing their attention 
to the right target, especially when the input has low salience and requires top-down 
attention, or when the appropriate rule is not the default one. Top-down control is the 
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ability to control perception with cognition, while bottom-up control is the process by 
which perception controls cognition. For example, when the target stimulus is the most 
salient, bottom-up control will suffice, as that stimulus will be processed in priority. On 
the other hand, when the target stimulus is not the most salient, top-down control is 
crucial in order to select the appropriate information. Therefore, patients with 
schizophrenia are deficient in rule selection and input selection task, but only when the 
latter necessitates a high level of control of selection, and top-down control. The control 
of selection happens in the prefrontal and parietal cortex, while the implementation 
happens in the cortex of the input’s modality (Luck and Gold 2008). Therefore, patients 
would have a specific selective attention deficit, due to the fact that they are unable to 
accurately select the target or rule when they are in competition.  
Divided attention. Divided attention is the ability to attend to multiple inputs at 
once, and thus “splitting” attentional resources to multiple targets. This can be illustrated 
by talking on the phone while writing. Indeed, in order to succeed, one needs to listen to 
the individual, as well as concentrate on writing the appropriate information. Patients 
have a deficit in broad attention, i.e. when one has to attend a high number of inputs 
(Hahn, Robinson et al. 2012). Indeed, Hahn and colleagues (2012) used a visuospatial 
attention task, in which either one, two or four possible target would be cued. The target 
then appeared in either one of the cued locations (valid trial), or in a non-cued location 
(invalid trial). They found that patients had a greater deficit when presented with four 
cues than in invalid trials. The authors conclude that patients have a deficit when a task 
requires broad monitoring (Hahn, Robinson et al. 2012). On the other hand, Gray, Hahn 
et al. (2014) performed a Useful Field of View (UFOV), in which it is possible measure 
the ability of individuals to divide their attention between peripheral and central 
locations. Participants had to identify the target that had been presented in both those 
locations, and a significant deficit in the divided attention was seen in patients compared 
to controls (Gray, Hahn et al. 2014) The authors concluded that this divided attention 
deficit could be due to either the inability to handle two stimuli at the same time, the 
inability monitor the environment in a broad way, or due  to the fact that patients tend to 
give one location greater weight, resulting in hyperfocusing (Gray, Hahn et al. 2014) 
Following this, a recent study tested the hyperfocusing hypothesis, performing a test in 
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which individuals were asked to either focus on the central, or peripheral area (Kreither, 
Lopez-Calderon et al. 2017). Patients showed an increased processing of the central 
element, and increased inhibiting of peripheral information, but they failed to inhibit the 
central region when asked to focus on the peripheral region. This deficit was correlated to 
the UFOV performance of divided attention (Kreither, Lopez-Calderon et al. 2017). 
Therefore, patients show a general inability to spread their attention to a number of 
inputs, and tend to process central inputs that are irrelevant to a greater extent, resulting 
in the inability to divide their attention in an adequate manner. 
Cerebral Regions Associated With Attention 
A number of regions are inappropriately activated during attentional tasks in 
patients compared to controls. Those regions include the dorsolateral prefrontal cortex 
(DLPFC), the insula, the anterior cingulate cortex (ACC), the parietal cortex, the 
amygdala, and the hippocampus (Carter, Bizzell et al. 2010). 
The ACC is associated with sustained attention (Tamminga and Holcomb 2004), 
and failure to activate this region will impair input selection (Cameron S. Carter, Mark 
Mintun et al. 1997). The ACC is believed to detect mismatch and conflict, and is 
connected to the DLPFC to signal when a response should be improved (Lesh, Niendam 
et al. 2011). In short, the ACC could attribute valence to certain inputs, and the DLPFC 
could select appropriate responses according to the goal suggesting that the ACC could 
be activated during control of selection (Bench, Frith et al. 1993, Cameron S. Carter, 
Mark Mintun et al. 1997, Orellana and Slachevsky 2013). This is supported by studies, 
which reported that controls and schizophrenic patients had different ACC activation 
during decision-making tasks, such as the Stroop task (Henry H. Holcomb, Adrienne C. 
Lahti et al. 2000, Tamminga and Holcomb 2004).  
The parietal cortex is also important for attentional processes. It is thought that the 
parietal cortex maintains possible responses linked to a particular stimulus, while the 
prefrontal cortex is involved in the selection of those responses (Bunge, Hazeltine et al. 
2002). The parietal and DLPFC are also activated during sustained attention (Lesh, 
Niendam et al. 2011). Moreover, the parietal region is also required for attention 
switching (Lesh, Niendam et al. 2011) Supporting this, the parietal cortex, the ACC and 
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the DLPFC were observed as hypoactivated during the Stroop task in unmediated patients 
(Weiss, Siedentopf et al. 2007). 
b) Verbal and Visual Learning and Memory 
!
Verbal Memory and Learning. Verbal memory refers to the ability to remember 
words and phonological information. It is the ability to perceive information, store it, and 
retrieve it when necessary. For example, verbal memory is often used to remember 
events, ideas or facts. Impaired verbal learning and memory is a fundamental cognitive 
deficit in schizophrenia, and it has been extensively documented (Heinrichs and Zakzanis 
1998, Toulopoulouand and Murray 2004, Bowie and Harvey 2006). Supporting this, 
Cirillo, Seidman, and colleagues (2003) reviewed 110 studies, and 101 of them showed 
that schizophrenic patients had a verbal memory deficit compared to controls, with 
negative studies mainly including other psychiatric disease, a small sample size, or 
patients diagnosed before the DSM-III. Verbal memory was found to be the greatest 
predictor of community outcome for schizophrenia patients (Michael Foster 1996, Green, 
Kern et al. 2004). This cognitive deficit is present during the premorbid phase, as well as 
in first-degree relatives and high-risk individuals (Cirillo and Seidman 2003). Verbal 
memory impairment is relatively stable throughout time, even though some studies show 
some small improvement, or decline (Toulopoulouand and Murray 2004). 
The nature of the verbal deficits is still under debate. In their study, Cirillo, 
Seidman, and colleagues (2003) argued that the deficit in verbal memory was mainly due 
to an encoding deficit. Encoding is the first step of memory. It is necessary to create a 
representation of perceived information, which can then be stored. Cirillo, Seidman, and 
colleagues (2003) hypothesized that patients have trouble organizing inputs into semantic 
categories, but that the deficit would still be present even if the words could not be 
classified into groups. This ability to organize verbal inputs according to similar meaning 
is called semantic clustering. Semantic clustering is an encoding strategy in verbal 
memory, and is impaired in patients (Brebion, Amador et al. 1997, Gsottschneider, Keller 
et al. 2011). Supporting this hypothesis, a recent study showed that patients applied less 
semantic clustering in the California Verbal Learning Test (CVLT), resulting in a 
reduced performance in the patient group (Gsottschneider, Keller et al. 2011). Another 
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study showed that patients organizing words into semantic categories had better 
performance in immediate recall (Vaskinn, Sundet et al. 2008, Gsottschneider, Keller et 
al. 2011). Consequently, the encoding deficit seems to be related to inappropriate 
encoding strategies. Yet, patients could show less semantic clustering because of the 
requirement of higher cognitive demand during this process, or because they have trouble 
finding the similarities between the items (Brébion, David et al. 2004, Gsottschneider, 
Keller et al. 2011). Interestingly, Chan et al. (2000) found that providing an external cue 
about the categories in which words could be organised improved the performance of 
patients. This hints to the fact that patients could be unable to select an appropriate 
strategy by themselves. Moreover, this goes in line with a recent study by Ragland and 
colleagues (2015), which showed that when there were low cognitive demands, and that 
encoding strategies were given, patients did not show a deficit in a recognition task. 
Nevertheless, recall is more affected than recognition, which points to a deficit further 
than encoding. Moreover, when controlling for semantic clustering, Brébion et al. (2004) 
noted that the deficit was still present, suggesting that reduced encoding strategies did 
account for the whole verbal deficit, and that maintenance or retrieval might also be 
affected.  
Visual Memory and Learning. Visual memory refers to the ability to remember 
visual information. This deficit was observed in schizophrenic patients, as well as first-
degree relatives, although to a lesser extent than verbal memory and learning 
(Toulopoulou, Rabe-Hesketh et al. 2003, Skelley, Goldberg et al. 2008). The Rey–
Osterrieth Complex Figure Test (ROFC) allows the assessment of visual memory and 
learning. This test consists of copying a complex figure, and then replicating it from 
memory, immediately or after variable delays (Kim, Namgoong et al. 2008). A deficit in 
immediate recall was observed in patients for this task, hinting to an encoding deficit 
(Seidman, Lanca et al. 2003). For instance, Seidman, Lanca et al. (2003) found that 
patients have a reduced ability to encode a picture as a whole, and tend to focus more on 
the details. This pointed to an organizational deficit during encoding, such as what is 
observed with the deficiency in creating semantic categories. The reduced organizational 
capacity finding was replicated (Kim, Namgoong et al. 2008), and related to the difficulty 
of the task (Glahn, Barrett et al. 2006). Furthermore, Seidman, Lanca et al. (2003) also 
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found that when controlling for the organizational deficit, the reduced recall persisted. In 
the same way, when testing immediate recall and controlling for organizational deficit, 
patients still present deficits which implies that the deficit is not only due to encoding 
dysfunction (Seidman, Lanca et al. 2003). Finally, it was suggested that patients give 
more importance to non-essential features, which reduces the attentional capacity to 
process significant part of the pictures (Seidman, Lanca et al. 2003, Kim, Namgoong et 
al. 2008). Therefore, as for verbal learning and memory, inappropriate strategies during 
encoding seem impaired, but other processes could also contribute to the deficit in visual 
learning and memory. 
Cerebral Regions Associated With Verbal and Visual Memory 
Verbal and visual memory deficits are attributed to a reduced communication and 
functional coupling between the prefrontal cortex and other regions such as the 
hippocampus, the thalamus and the cerebellum (Weiss and Heckers 2001, 
Toulopoulouand and Murray 2004). A reduction of the DLPFC gray matter was found in 
patients having verbal and visual memory deficits (Seidman et al., 1994). Accordingly, a 
meta-analysis by Ragland, Laird et al. (2009), showed that the most consistent finding 
was a reduction of lateral prefrontal activation during encoding and retrieval, suggesting 
its important role in memory deficits, and cognitive control (Ragland, Laird et al. 2009, 
Gsottschneider, Keller et al. 2011). Indeed, as stated, patients have trouble controlling 
and finding the right strategy to encode information, but the dysfunction will disappear if 
provided one. The lateral prefrontal cortex could thus be responsible for providing the 
appropriate strategy and control. Interestingly, the ventrolateral prefrontal (VLPLC) 
cortex and DLPFC cortex seem to be involved in different ways in verbal memory. 
Ragland, Laird et al. (2009) found that the VLPFC deficit disappeared when providing 
patients with encoding strategies, while the DLPFC deficit remained. The DLPFC is 
involved in organization, manipulation as well as monitoring the goal relevant 
information, and therefore crucial for task requiring flexibility and high cognitive 
processing. On the other hand, VLPFC is able to process semantic words that require less 
cognitive demand, or that are already in categories (Ragland, Ranganath et al. 2015). 
Therefore, an alteration in the DLPFC could impair encoding organization, and the 
VLPFC could compensate for the DLPFC during low demanding task. Some studies also 
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suggest that verbal deficits could also be attributed to hippocampal alterations, as this 
structure is involved in encoding and retrieval (Weiss and Heckers 2001). This 
hypothesis is noteworthy owing that the modification structure is one of the most 
consistent findings in patients (Seidman, Lanca et al. 2003). Finally, the reduced 
impairment of visual compared to verbal memory was attributed to a generally greater 
left hemisphere impairment in schizophrenia (Toulopoulouand and Murray 2004).!
Indeed, it is hypothesized that visuospatial processes are lateralized to the right 
hemisphere, while verbal processes are lateralized to the left hemisphere (Toga and 
Thompson 2003) . 
c) Executive Functions: Cognitive Control and Flexibility 
 
Executive functions refer to the capacity of understanding and using information 
in order to attain a goal (National Institute of Mental Health 2015). They include a variety 
of functions, which are important for goal directed behaviour and voluntary control 
(Bowie and Harvey 2006, Orellana and Slachevsky 2013). Executive functions help 
individuals plan, make analogies, solve problems, adapt to a changing environment, as 
well as execute many tasks at the same time in order to achieve a goal (Orellana and 
Slachevsky 2013). In short, executive functions could be considered as higher cognitive 
processes. 
 Executive function impairments are observed in a consistent manner throughout 
schizophrenia (Orellana and Slachevsky 2013). Those impairments have been known for 
a long time, as Kraepelin (1913) described patients as having lower mental efficiency, 
and a distracted mind (Orellana and Slachevsky 2013). As for other cognitive symptoms, 
they are present before onset, in first-degree relatives, as well as high-risk individuals 
(Orellana and Slachevsky 2013). Patients have low adaptive capacity to a changing 
environment, as well as inflexible thinking (Pantelis, Barber et al. 1999, Orellana and 
Slachevsky 2013). Executive function deficit can be assessed with the Wisconsin Card 
Sorting Test (WCST). This test requires individuals to shift rules according to the 
changing information provided by the evaluator. During this test, the rules of associations 
shift, and individuals must adapt according to feedback. It is important to note that 
attention is required during this test, as patients need to find the correct dimension, 
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reflecting rule selection. As mentioned before, patients have trouble rule selection when 
they are in competition. Nevertheless, perseveration, which measures the ability to 
change rule to use the correct dimension, measures cognitive flexibility, while inefficient 
sorting might reflect attentional processes (Greve, Williams et al. 1996). Indeed, the latter 
represents the selection of the appropriate action for a goal-directed behaviour, and will 
be deficient especially when there is competition of various possible responses. On the 
other hand, perseveration errors represent the inability to take into account perceptual 
information (Chambon, Franck et al. 2008), and change their behaviour according to the 
presented stimuli (Koechlin, Ody et al. 2003). It is known that patients have trouble in the 
inhibition of previously learned behaviours, which will cause increased perseverative 
errors, representing a loss of cognitive flexibility (Orellana and Slachevsky 2013). 
Finally, schizophrenia patients also perform poorly on the Tower of Hanoi test, and will 
take much more time and move to solve the task (Bustini, Stratta et al. 1999, Orellana 
and Slachevsky 2013). The Tower of Hanoi test consists of discs that must be displaced 
according to a set of rules in order to create a tower, and deficits in this task represent 
failure to plan, but also impulsive responding (Bustini, Stratta et al. 1999) 
Cerebral Regions Associated with Executive Functions 
Deficits in executive functions are related to hypofrontality, and the connection 
between the prefrontal cortex and other structures such as the basal ganglia, the medial 
temporal lobe, the parietal lobe and the ACC (Orellana and Slachevsky 2013).  
The prefrontal cortex is connected to various regions, and it is thought that this 
structure integrates information, which can then provide top-down control (Lesh, 
Niendam et al. 2011). Indeed, the PFC serves as online storage (Miller 2001), and can 
compare incoming information with internal goals, in order to select appropriate 
responses (Lesh, Niendam et al. 2011). To achieve this, the PFC will provide bias to 
other structures in order to “guide” them (Miller 2001). Simplistically, the PFC can 
“decide” which information is required to attain a specific goal, and will bias the 
information towards the appropriate one (Lesh, Niendam et al. 2011). This function is 
mostly achieved by the DLPFC, which thought to be the crucial structure for maintenance 
of rules, and for response selection (Lesh, Niendam et al. 2011). A good example is the 
Stroop task, in which schizophrenic patients are deficient (Bench, Frith et al. 1993). The 
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cognitive control provided by the DLPFC is necessary in the colour-naming situation, in 
order to overcome the default action of word reading. Therefore, the DLPFC would be 
responsible for cognitive control, assuming a top-down regulation, and thus a central 
player in executive function (Koechlin, Ody et al. 2003, Orellana and Slachevsky 2013). 
Furthermore, all cognitive manifestations pointed above, including attention, 
verbal, and visual memory deficits are also related to a prefrontal dysfunction, or to a 
reduced connectivity of this region with other regions. Indeed, the prefrontal cortex is 
connected to a number of other regions, such as the ACC, parietal regions as well as the 
medial temporal lobe (Lesh, Niendam et al. 2011, Orellana and Slachevsky 2013). The 
reduced connectivity and coupling between keys region in cognitive processing 
represents Bleuler’s original thought about the disease. Schizophrenia means « split-
mind», representative of the dysfunctional brain connections and integrative processes. 
Indeed, Bleuler thought that the decoupling of various functions was the main cause of 
the disease (van den Heuvel and Fornito 2014, Sakurai, Gamo et al. 2015). As mentioned 
above, attentional deficits are linked to prefrontal, ACC and parietal disconnection. On 
the other hand, visual and verbal learning and memory are linked to a prefrontal 
dysfunction, and reduced hippocampal connectivity. Therefore, the prefrontal cortex, and 
its connectivity seem to be primordial for the cognitive symptoms. This goes back to 
Kraepelin (1971) describing dementia praecox as “an orchestra without a conductor” 
(Lesh, Niendam et al. 2011). Interestingly, patients without medication show 
hypofrontality, which means it is inherent to the disease (Sakurai, Gamo et al. 2015).  
Moreover, even though cognitive symptoms seem sparse, the failure to control and self-
regulate seems to be a shared characteristic.  
Thus, numerous cerebral regions involved in cognitive deficits seem to display 
altered activation in schizophrenia. Interestingly, numerous anatomical modifications are 
reported in patients with schizophrenia. This could underpin a number of deficits, as 
functional activation has been linked to structural integrity (Guye, Parker et al. 2003, 
Greicius, Supekar et al. 2008, Bennett and Rypma 2013). A quick review of anatomical 
findings in schizophrenia will thus be presented below.   
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Anatomical Alterations in Schizophrenia 
  
Alterations in gray matter such as cortical thickness or density, as well as 
alterations in white matter connecting various regions have been reported in 
schizophrenia (Wheeler and Voineskos 2014). First, an overview of the values used to 
measure gray and white matter integrity will be exposed. This will be followed by 
anatomical findings in schizophrenia, which could be linked to cognitive deficits. 
Gray matter volume can be represented by cortical thickness and surface area 
(Xiao, Lui et al. 2015). Cortical thickness represents the distance between the white 
matter and the pial surface, the latter being the surface between gray matter and 
cerebrospinal fluid (Ehrlich, Brauns et al. 2012). Compared to surface area, cortical 
thickness is more representative of the microstructural arrangement, as it represents 
cytoarchitectural features (Ehrlich, Brauns et al. 2012, Xiao, Lui et al. 2015). Changes in 
neurogenesis, migration of neurons, and density affect cortical thickness values. As 
schizophrenia is thought to be a neurodevelopmental disease, changes in cortical 
thickness are thought to better represent alterations occurring during disease development 
(Rapoport, Addington et al. 2005). On the other hand, white matter integrity can be 
explored through diffusion-weighted imaging (DWI). Simply put, this imaging technique 
is based on Brownian motion, which stipulates that free water will move in random 
directions. Free water will have an isotropic movement, meaning that it will diffuse 
equally in all direction, a diffusion movement which can be represented by a sphere 
(Descoteaux and Poupon 2012). This is the case for example in the cerebrospinal fluid, in 
which water is not restricted. However, this is not the case for water present in white 
matter, as fibres are organized in parallel, and will restrict water diffusion. Water 
movement will therefore have a preferential diffusion direction, which is referred to as 
anisotropic, and can be illustrated by a 3D ellipsoid (Catani and de Schotten 2012). With 
this technique one can thus obtain various values such as fractional anisotropy (FA). FA 
is a value that represents the index of anisotropy, and indirectly measures the integrity of 
fibres. This value ranges from zero to one, representing the integrity and coherence of a 
fibre. A value of zero represents an isotropic movement. Therefore, a low FA 
corresponds to a less compact fibre, as water would be less restricted, while a high FA 
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corresponds to a denser and intact fibre, as water would be diffusing in a preferred 
direction. 
 
Cortical thickness reductions in schizophrenia are broad, and are found in the 
frontal, temporal, occipital and parietal areas mostly (Kuperberg, Broome et al. 2003, 
Gogtay, Greenstein et al. 2007, Goldman, Pezawas et al. 2009, Ehrlich, Brauns et al. 
2012, Xiao, Lui et al. 2015). There is no consensus concerning cortical thickness in 
schizophrenia. As a matter of fact, although most studies report decreased cortical 
thickness values in patients compared to controls, increased values have also been 
reported (Levitt, Bobrow et al. 2010, Wheeler and Voineskos 2014, Canu, Agosta et al. 
2015). Nevertheless, cortical thickness study is important, as its integrity has been related 
to numerous cognitive tasks such as verbal memory (Dickerson, Fenstermacher et al. 
2008), item recall and recognition, as well as manipulation in healthy controls (Ehrlich, 
Brauns et al. 2012). On the other hand, numerous studies also show that the relationship 
between cognition and cortical thickness is lost in schizophrenia (Ehrlich, Brauns et al. 
2012).  
As for gray matter studies, white matter integrity studies in schizophrenia are also 
heterogeneous. Temporal and frontal white matter reductions seem to the most consistent 
findings in chronic patients (Kubicki, McCarley et al. 2007, Kyriakopoulos, Bargiotas et 
al. 2008, Ellison-Wright and Bullmore 2009). A meta-analysis which combined 15 DWI 
studies in schizophrenia observed a FA reduction in 112 coordinates in patients compared 
to controls (Ellison-Wright and Bullmore 2009). Reduction of the white matter 
connecting the left deep frontal and deep temporal cortices were the most consistent 
(Ellison-Wright and Bullmore 2009). Likewise, a review reported that reduction in fibres 
connecting prefrontal and temporal lobes such as the uncinate, cingulum and arcuate 
fasciculus were the most consistent observations in chronic patients (Kubicki, McCarley 
et al. 2007). Nevertheless, studies also found increased FA in fibres connecting those 
regions (Knöchel, O'Dwyer et al. 2012, Wheeler and Voineskos 2014). Furthermore, 
studies including first episode patients are less consistent (Wheeler and Voineskos 2014). 
Alterations are usually more widespread in this population, and they mostly show 
reduction in the prefrontal, temporal and parietal lobe (Wheeler and Voineskos 2014). 
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Finally, white matter study has also been correlated with various cognitive measures in 
schizophrenia (Nestor, Kubicki et al. 2004, Kubicki, McCarley et al. 2007). For instance, 
FA values have been correlated with executive function, and performance monitoring 
(Kubicki, Westin et al. 2002, Nestor, Kubicki et al. 2004).  
Therefore, gray and white matter morphology findings in schizophrenia are very 
heterogeneous. A number of factors could explain the inconsistent findings. The clinical 
presentation of schizophrenia itself is heterogeneous, as patients will present various 
symptoms in various degrees. Moreover, schizophrenic patient population has a number 
of moderator variables which are difficult to account for such as age of onset, medication, 
or socio-economic status, as various populations are included in various studies (Wheeler 
and Voineskos 2014). Finally, the aetiology of schizophrenia is diverse, and the brain 
alteration would be representative of the various genetic or environmental causes 
(Wheeler and Voineskos 2014).  
 
Taken together, cognitive symptoms as well as anatomical modifications are 
broad and are expressed to a different degree across the patient population. Various 
cognitive symptoms have been linked to altered anatomy, but results are heterogeneous. 
As cognitive disruptions in schizophrenia are broad, it would be would be advantageous 
to link a specific deficit to specific anatomical modifications. Accordingly, one function 
that encompasses a high number of cognitive processes is working memory. Indeed, in 
order to successfully use this function, one must maintain goal information, in order to 
guide the behaviour towards the right action. This process not only touches memory, but 
also attention, and is considered a central executive function. Therefore, the crucial 
working memory function will be described in the next section. 
 
3. Working Memory  
Working memory is essential to everyday life. This function allows the temporary 
maintenance and manipulation of a limited amount of information. It enables individuals 
to complete various complex cognitive tasks, such as reasoning, comprehension, learning, 
and spatial processing (D'Esposito, Postle et al. 2000, Baddeley and Hitch 2010). 
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Manipulation can occur on old information, such as using long-term memory (LTM) 
knowledge to solve a particular problem, or on new information in order to integrate new 
complex memories into LTM. It thus provides a function located between perception, 
action, and LTM (Baddeley 2003).  
a) Models  
Three main working memory models have been developed throughout the years. 
First of all, for many years, the multistore model of Atkinson and Shiffrin was used for 
STM (Figure 2) (Atkinson and Shiffrin 1968). Their model was quite simple, and 
composed of a sensory register, short-term memory (STM), and LTM. Importantly, this 
framework was linear. To describe it briefly, information was perceived by sensory 
organs, and attention allowed particular inputs to enter storage in STM (Atkinson and 
Shiffrin 1968). Information could be maintained in STM for a limited amount of time, 
after which decay would occur. Maintenance in STM could also be increased with 
rehearsal. Their short-term store was also called working memory, and had a role in 
cognition. Furthermore, STM was an indispensable passage for the storage or retrieval of 
information from LTM (Baddeley 2000). Finally, the last component of this model was 
LTM, in which there was no decay, and no capacity limits  




A number of observations went against the Atkinson and Shiffrin model. The 
main argument against it was the conception that access to STM was crucial for storage 












for the fact that some patients with deficient STM have normal LTM (Baddeley 2000, 
Baddeley 2012). It also implied that any information maintained long enough into STM 
would access LTM, which did not account for the fact some information, for example 
deep encoding and more elaborate learning, is stored much more easily into LTM (Craik 
and Lockhart 1972, Baddeley 2000). Finally, their model stated that STM was important 
for cognition, implying that every individual with a STM deficit would cognitively 
impaired, and which is not the case (Baddeley 2000). One example of this is patient PV, a 
patient with a very small digit span, but with certain number of conserved learning 
abilities (Baddeley, Papagno et al. 1988).  
In an attempt to explain the discrepancy in the STM field, Hitch and Baddeley 
introduced the multicomponent model in 1974, and developed the concept of working 
memory (Baddeley and Hitch 1974). Instead of the simple unitary STM, they introduced 
a model in which information would be stored and manipulated in different 
compartments, according to their modality and characteristics (Baddeley 2012). In short, 
the authors kept the differentiation between LTM and STM, while expanding the STM 
concept. The model also kept the idea that LTM can store and unlimited amount of 
information, which could later be recalled, by re-entering STM (Rottschy, Langner et al. 
2012) 
The multicomponent model was developed following one experiment by 
Baddeley and Hitch (1974). In that study, participants were asked to perform an 
executive task, such as visual grammatical reasoning, while their working memory was 
overloaded with a digit span task. Surprisingly, participants were still able to perform the 
executive task while recalling numbers (Baddeley 2012). As reasoning was not 
overloaded by the storage of multiple digits, this pointed to a non-unitary system, with 
limited storage systems controlled by an “executive system” (Baddeley and Hitch 1974, 
Baddeley 2012). Moreover, participants were able to perform the visual and verbal tasks 
at the same time, which suggested separate storage for verbal and visual information. 
Thus, their initial model involved three components, two “slave” systems: the 
phonological loop and the visuo-spatial sketchpad, which were controlled by the central 
executive (Baddeley and Hitch 1974, Baddeley 2012). Those three components will be 
briefly described below.  
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The visuo-spatial sketchpad is important for the temporary and limited 
maintenance of visual and spatial information (Baddeley 2010). Retrieval of visuo-spatial 
information from LTM is also one of its functions. For example, when someone is asked 
to count how many doors are in their house, they would use, among other things, the 
visuo-spatial sketchpad to “artificially” navigate throughout their house (Baddeley and 
Hitch 2010). As mentioned, the sketchpad has a limited capacity (Baddeley 2012). One 
way to study its capacity is the Corsi test, in which the experimenter shows an increasing 
sequence of blocks, and the subject needs to reproduce it until they can’t perform 
anymore. This span is usually three to four (Todd and Marois 2004). Finally, even though 
visual and spatial information are confined to the same compartment in this model, those 
two modalities are separated, and can be affected in a different way (Klauer and Zhao 
2004, Baddeley 2012). This was inferred by the fact that visual tasks only interfere with 
visual memory, while spatial tasks only interfere with spatial memory (Baddeley and 
Hitch 2010). For example, in one study, subjects were required to remember either the 
spatial location (i.e. spatial memory) or the form of an object (i.e. visual memory) 
(Tresch, Sinnamon et al. 1993). The spatial memory task was impaired when performing 
a movement discrimination task, while the visual memory task was impaired when 
performing a colour discrimination task (Tresch, Sinnamon et al. 1993).  
 
 The other component, the phonological loop, is important for the temporary 
maintenance of speech-based information (Baddeley 2000). This component is composed 
of two features, the phonological store and the articulatory rehearsal component 
(Baddeley 2000). The phonological store has a limited capacity, is able to hold 
information for about 2 seconds, has a serial span of five or six, and is responsible for 
speech perception (Baddeley 2012). On the other hand, the articulatory loop is useful for 
rehearsal, and is responsible for speech production. A number of observations supported 
the existence of a phonological store. First, blocking rehearsal, for instance by repeating 
unrelated words, will impair immediate recall, a phenomenon called articulatory 
suppression (Baddeley 2010). This supports the idea that rehearsal has a central role in 
maintenance and refreshment of a speech trace. Second, the word length has an effect on 
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memory, as longer words are easier to forget (Baddeley, Thomson et al. 1975, Baddeley 
2000). This could be due to reduced rehearsal, as this process it assumed to happen in real 
time. Indeed, longer words would take longer to pronounce, thereby reducing rehearsal 
(Baddeley 2000). Supporting this, when articulatory suppression occurs, maintenance 
capacity for short and long words is equal (Baddeley 2012). Lastly, learning a list 
containing similar sound will impair immediate recall, yet, words having the same 
meaning won’t impair recall. This thus implies that there is a possible phonological code 
(Baddeley 1966, Baddeley 2000, Baddeley 2010).  
 
The central executive controls the two other storage systems, and provides 
attentional control. It can distribute prioritized information to the storage systems, it is 
able to perform cognitive tasks, as well as transfer information into LTM (Baddeley 
2012). It has a limited processing ability, and does not have any storage capacity 
(Baddeley 2012). The main characteristics are its ability focus, and divide its attention. 
Moreover it is responsible for task switching, as well interacting with LTM (Baddeley 
2012). A good example would be driving a car in which the habitual route is not 
accessible due to roadwork. The central executive would be needed in order to focus the 
attentional system, and interact with the visuospatial sketchpad in order to visualize 
possible route and decide which other option is the best to get to a destination (Baddeley 
and Hitch 2010). It thus has the role of controlling and selecting attentional resources, 
strategies, as well as coordinating the information of the passive storage systems (Park 
and Gooding 2014). Importantly, without this compartment behaviour would be 
distractible, perseverative, stereotypic, and would be unable to take context into account 
(Park and Gooding 2014). 
 
Still, the model presented above did not account for numerous observations. For 
example, when recalling unrelated words, the span is usually five to six words. Yet, when 
it is meaningful, such as a sentence, the span goes up to sixteen (Baddeley 2012). This 
suggested a link with semantic knowledge and LTM, as well as an integration of 
phonological information (Baddeley 2012). Therefore, the new model included a link 
between the storage systems and LTM, which was not originally present in the model. 
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Moreover, other observations also suggested that there might be an additional 
component, such as integrative processes. Indeed, phonological (e.g. various words) or 
visuospatial (e.g. color and shape) information could be integrated in their respective 
compartment (i.e. the visuospatial sketchpad, and the phonological loop). Yet, this model 
did not account for integration of phonological and visuospatial information (Baddeley 
2000). Indeed, in one study participants were asked to recall a digit span of visually 
presented numbers while performing articulatory suppression (Baddeley 2000). The 
experimenters expected reduced performance, as rehearsal of irrelevant words would 
prevent the encoding of the digits in the phonological loop. However, performance was 
only mildly reduced. As the central executive has no storage capacity, the integration of 
phonological (word representing the number) and visual information (visual number) 
information would occur somewhere else. Moreover, as the visuo-spatial sketchpad is not 
considered suitable for serial recall, this implied that another component was able to 
integrate, store and recall the visually presented digits (Baddeley 2000).  
Therefore, a new component, the episodic buffer, was added to the model 
(Figure 3). This component provides a link between LTM, the two storage systems, and 
the central executive (Baddeley 2000). Those links allow this new compartment to 
perform the process called binding. Binding allows information coming from different 
sources to be integrated into a complex representation (Baddeley 2000). The episodic 
buffer can therefore create and temporarily hold complex information in a multimodal 
code, with a limited capacity of about four “chunks” (Baddeley 2000, Baddeley 2010). 
For example, it provides the ability to integrate into LTM a complex event, including its 
various visual features, sounds, and phonological information in order to have a detailed 
memory. Therefore, it is important for episodic memory, as it integrates various 
information of a scene in order to create a coherent representation in memory. On the 
other hand, it also provides the ability to retrieve this complex knowledge from LTM, in 
order to solve a current problem. The episodic buffer was first believed to operate only 
under the control of the central executive, yet, it became clear that binding could be 
automatic (Baddeley 2010). This was suggested by a study which showed that even when 
“overloading” the central executive, binding could still occur (Baddeley, Allen et al. 
2011). In that study, one condition required participants to perform a single feature visual 
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memory task while completing a verbal task. In the other condition, a visual binding 
memory task was combined with a verbal task. The logic was that the verbal task would 
deplete the central executive’s resources, which would allow experimenters to determine 
which visual task was most affected by reduced attentional resources. Both visual task 
performances were reduced when simultaneously completing the verbal task. However, 
visual binding performance was affected in the same way the visual single feature 
performance was. This implied that binding did not necessitate more central executive 
attentional resources than simple visual feature memory (Baddeley, Allen et al. 2011). 
Therefore, binding could also occur in a passive way, without the control of the central 
executive. However, it is important to mention that Baddeley and colleagues (2010) did 
not exclude that the buffer also has an active function as well.   
   
Figure 3: Figure Adapted from Revised Working Memory Model, Baddeley (2011) 
 
Finally, Cowan’s model of working memory is another influential model 
(Figure 4). As in other models, STM has limited storage capacity while LTM storage is 
unlimited (Cowan 2008). Yet, unlike Baddeley’s Model, STM is not composed of several 
subcomponents, but of an activated memory and a focus of attention. Sensory 
information as well as LTM information can enter activated memory through the focus of 
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attention, and can be maintained in the active state with rehearsal (Cowan 2008). 
Moreover, sensory information can activate LTM, leading to “activated LTM”.  
Activated memory allows the passive storage of information. Yet, unlike the 
phonological loop and the visuospatial sketchpad of Baddeley’s model, activated memory 
has no limits in the amount of information it can maintain. Indeed, the storage limit in 
working memory would not be due to storage limits, but to interference. Hence, unlike 
Baddeley’s model, Cowan’s model assumes the temporary maintenance is due to 
interference between information of the same modality. Therefore, instead of two 
compartments which would get filled up individually (i.e. phonological loop and 
visuospatial sketchpad), information having the same modality would only interfere with 
each other (Cowan 1988). 
On the other hand, the attentional focus allows the active treatment of 
information. A limited amount of information can be held by the focus attention, and this 
component is similar to the episodic buffer (Cowan 2008). Indeed, Cowan also proposed 
that working memory could allow the combination of information into “chunks”, and that 
“chunking” could be used as a strategy to increase the limited STM capacity (Cowan 
2008). Like Baddeley’s model, the capacity is about four “chunks” (Cowan 2001, Cowan, 
Elliott et al. 2005). However, the limit of “chunks” is determined by the capacity to pay 
attention of those representations (Cowan 1988, Cowan, Elliott et al. 2005, Cowan 2008). 
Finally, the central executive can control the focus of attention. Therefore, this 
component proposed to represent a number of higher cognitive functions, which are 
similar to the component of the same name in Baddeley’s model, and is required, for 
example, to inhibit distractions, and other higher executive functions (Cowan 1988). 
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Figure 4: Figure Adapted from Cowan’s Working Memory Model (Cowan 2009) 
 
All in all, working memory is a complex cognitive function, which is crucial to 
perform everyday tasks. Several models have attempted to explain this process, but all 
agree that this function requires the interaction of attentional resources, executive 
processes, cognitive control and flexibility, as well as visual and verbal memory. As 
mentioned before, those processes are all impaired in schizophrenia, which hints to the 
fact the working memory itself could also be dysfunctional in patients. Accordingly, 
working memory deficits in schizophrenia will be discussed in the next section.  
b) Working memory Deficit in Schizophrenia 
Working memory is a core deficit in schizophrenia. As for other cognitive 
symptoms, working memory deficits have been found in first-degree relatives (Heather 
M. Conklin, Clayton E. Curtis et al. 2000, Lee and Park 2005, Park and Gooding 2014). 
They are present irrespective of the state of the disease, develop during the premorbid 
phase, and are a predictor of functional outcome (Green 1996, Gazzaley, Rissman et al. 
2004, Park and Gooding 2014). Those observations all point to the fact that working 
memory deficits are a cause, and not a consequence of the disease. Moreover, working 
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memory impairments in schizophrenia are observed even when controlling for IQ and 
education (Park and Holzman 1992, Lee and Park 2005). This is important, as working 
memory deficits do not simply result for lower IQ and could represent an underlying 
pathology of schizophrenia.  
Patients have deficits in all modalities including spatial, verbal, auditory, object 
and haptic working memory (Gazzaley, Rissman et al. 2004, Lee and Park 2005). 
Moreover, those deficits are present irrespective of the methodology. Indeed, Lee and 
Park (2005) conducted a meta-analysis which combined 124 working memory studies 
with schizophrenic patients. The main goal of this meta-analysis was to determine 
whether working memory deficits were present independently of the task. This is 
important, as it would suggest that working memory could be a core deficit in 
schizophrenia, and that the impairment is not simply due to specific aspects of certain 
tasks. Studies included tests such as delayed response task, delayed matching-to sample 
task, as well as N-back task. Delayed response task is a test in which a stimulus is 
presented, and after a delay, subjects need to recall a characteristic of that object (e.g. 
location or colour). On the other hand, delayed matching-to sample task is a test in which 
a stimulus is presented, and after a delay, subjects need to identify which is the sample 
stimulus among novel stimuli. Finally, N-back task is a test that requires subjects to recall 
if the current presented stimuli were presented N trials before. In short, all tasks require 
adequate representation, manipulation, and updating of information in memory. The 
authors found deficits in all tasks including verbal and visuospatial working memory, 
with an effect size of 0.45 (Lee and Park 2005). Importantly, the authors found that those 
deficits were independent of methodology, suggesting that working memory deficits go 
beyond specific modalities. However, it is important to mention that visuospatial deficits 
had a higher effect size and robustness (effect size: 0.46, coefficient of robustness: 2.92) 
than the verbal domain (effect size: 0.45, coefficient of robustness: 2.31) (Lee and Park 
2005).  
  As the deficits are present across modalities, it could be advantageous to focus on 
the temporal characteristics of working memory to truly understand the aetiology of this 
impairment (Lee and Park 2005). Indeed, in order to attain a goal, it is necessary to 
encode, internally represent, maintain, and manipulate the information while inhibiting 
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distractors, as well as retrieve the appropriate information when needed (Lee and Park 
2005). Deficits could occur at any of those phases, yet, most studies report an encoding or 
maintenance deficit (Lee and Park 2005, Johnson, Morris et al. 2006, Driesen, Leung et 
al. 2008, Schlösser, Koch et al. 2008, Anticevic, Repovs et al. 2011, Anticevic, Repovs et 
al. 2012, Mayer and Park 2012, Park and Gooding 2014), while retrieval deficits have not 
been documented to a great extent. Indeed, even though some retrieval studies have been 
conducted, authors hint to the fact that altered activation during this phase could be due to 
improper encoding or maintenance of the stimuli in the first place (Zhao, Tan et al. 2011). 
Yet, one study showed that first-degree relatives presented compensatory activation 
compared to patients during retrieval which increased their performance (Lynn, Kang et 
al. 2016). This thus inferred that retrieval deficits are present in the schizophrenic 
population. Nevertheless, deficits in encoding or maintenance have been more 
extensively documented, and a deficit in those phases could result in a working memory 
deficit encompassing all tasks and methodologies, as observed in the meta-analysis by 
Lee and Park (2005). This possibility will be explored below.  
Encoding 
A number of observations suggest that schizophrenic patients have an encoding 
deficit (Lee and Park 2005, Hahn, Robinson et al. 2010, Mayer and Park 2012). For 
example, the meta-analysis by Lee and Park (2005) reported no effect when increasing 
the delay period, suggesting that information might not properly be formed as a mental 
representation initially. However, it is unclear why encoding processes would be 
impaired, and two main hypotheses were posited to explain this dysfunction. Failure to 
properly encode the target could either be due to an altered perception, or to inappropriate 
target selection due to attentional impairment (Park and Gooding 2014). This difference 
is important as it distinguishes between the general reduced ability to form a mental 
representation, and the inability to properly select the appropriate target, implying that 
formation of mental representation itself would be spared. Several studies suggest that the 
dysfunction would be due to impaired attentional processes. For example, increasing 
target valence minimizes the need for attentional control. Accordingly, Lee & Park 
(2002) found that increasing input valence improved performance, which implied that 
encoding deficit could be due to reduced attentional control. This was later supported by 
! 37 
another study, which observed that inability to inhibit distractions impaired encoding in 
patients with schizophrenia (Hahn, Robinson et al. 2010). This thus implies that patients 
have a difficultly to overcome salient distractors, which impairs adequate target 
encoding. Finally, another argument supporting a deficit in attentional processes is the 
presence of false memories in unaffected relatives, and patients with schizophrenia 
(Mayer and Park 2012). Indeed, perception impairment would lead to defective encoding 
and result in a low confidence during retrieval. On the other hand, impaired attention 
would lead to effective encoding of the wrong target. This would result in confidence of 
the response, leading to false memories, a phenomenon that has been reported in 
schizophrenia (Mayer and Park 2012, Park and Gooding 2014). Therefore, the presence 
of false memories in the schizophrenic population hints to the fact the formation of 
mental representations is spared, yet, due to impaired attentional processes, inappropriate 
information would be encoded into memory. 
Maintenance  
In schizophrenia studies, even if encoding is controlled for, working memory 
deficits are still present (Tek, Gold et al. 2002, Kim, Park et al. 2006). This implies that 
the dysfunction goes beyond encoding deficits (Lee and Park 2005). Maintenance is the 
ability to retain a representation formed during encoding throughout a delay. In order to 
achieve maintenance, one must direct their attention to external or internal information. 
Attentional processes are thus crucial to maintain the internal representation during a 
delay. It is hypothesized that patients have reduced attentional control, and fail to focus 
on internal representations during the delay, which reduces maintenance (Park and 
Gooding 2014). Reduced attentional control could also increase distractibility. Indeed, 
patients display an inability to block distractors, which could deviate attention from 
internal representations (Park and Gooding 2014). On the other hand, Park and Lee 
(2005) observed that increasing the delay after 1 second did not worsen the working 
memory deficit in patients, which would suggest that maintenance is spared. However, 
they do not exclude the possibility of a reduced early maintenance capacity. Indeed, as 
there is vulnerability in the first second, this could suggest that early maintenance might 
be more susceptible to dysfunctions (Lee and Park 2005). This might be explained by the 
additional manipulation requirement. Indeed, deficits in simple maintenance studies, such 
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as a recognition tasks or simple digit span tasks are heterogeneous, with some studies 
observing deficits (Spindler, Sullivan et al. 1997, Kim, Glahn et al. 2004, Keedy, Ebens 
et al. 2006) and some not observing any (Park and Holzman 1992, Morice and Delahunty 
1996, Frydecka, Eissa et al. 2014). Yet, when manipulation is required, a deficit is 
usually present (Kim, Glahn et al. 2004, Cannon, Glahn et al. 2005). For example, a study 
required patients to perform two tasks, with one task requiring simple maintenance of 
information, and the other requiring both manipulation and maintenance (Kim, Glahn et 
al. 2004). Results showed that patients have a deficit both in maintenance and 
manipulation, but that manipulation is affected to a greater extent (Kim, Glahn et al. 
2004). This could be due to the fact that adequate maintenance is required for 
manipulation. Indeed, a recent review (Park and Gooding 2014) argued that maintenance 
and manipulation are actually part of the same process, as the same network supports the 
two functions (Leung, Gore et al. 2002). The authors argue that “active attention” is a 
core function of manipulation, a crucial property also necessary for maintenance. For this 
reason, they propose that maintenance and manipulation should not be treated as 
completely two independent processes (Park and Gooding 2014). Therefore, patients 
could have a deficit in maintenance, which would be exacerbated when manipulation is 
required.   
In summary, schizophrenic patients seem to be impaired across all working 
memory tasks. Those deficits would mainly be due to an encoding deficit, but 
maintenance could also contribute to this dysfunction, especially when manipulation is 
required. If applying this to Baddeley’s model, a deficit in the central executive, 
responsible for cognitive and attentional control, could be responsible for this 
inappropriate target encoding, as well a maintenance and manipulation deficits in patients 
(Barch and Ceaser 2012, Park and Gooding 2014). Furthermore, as this deficit is 
consistent across tasks, it would be adequate to identify the core network involved across 
all working memory tasks in healthy controls. Indeed, if this network were altered in 




c) Cerebral Regions Associated with Working Memory: 
A number of regions have been associated with working memory, but the exact 
network is still under debate. Working memory is complex, and it is therefore difficult to 
understand the importance of each region in each specific process. Yet, the prefrontal and 
parietal cortex are often involved in working memory studies. Accordingly, there will be 
a brief review of this network in healthy subjects, followed by its role in schizophrenia. 
The Prefrontal-Parietal Network  
In healthy controls, the prefrontal-parietal network is constantly recruited during 
working memory tasks. Indeed, a meta-analysis combining 198 fMRI studies on healthy 
subjects observed that the fronto-parietal network was constantly activated, 
independently of the tasks (Rottschy, Langner et al. 2012). This is important, as it implies 
that this network is not related to any specific aspect of a working memory task, but to 
the general working memory performance. Moreover, this finding replicated results from 
a previous meta-analysis which combined N-back tasks studies (Owen, McMillan et al. 
2005). In that meta-analysis, prefrontal cortex activation was often accompanied by 
parietal lobe activation, particularly Brodmann area (BrA2) 7 and 40 (Owen, McMillan et 
al. 2005). This led the authors to suggest that the prefrontal-parietal network would be 
necessary for all N-back tasks, while the methodological variations would recruit 
differential cortical areas.  
Interestingly, the prefrontal-parietal network is related to a number of crucial 
processes required for working memory such as encoding, manipulation, and 
maintenance. First, this network is important for maintenance, as it is responsible for 
attentional processes. Indeed, the parietal cortex distributes attentional processes, while 
the prefrontal cortex controls the allocation of attention (Sharma, Weisbrod et al. 2011, 
Park and Gooding 2014). Moreover, the parietal cortex is thought to store verbal and 
visuo-spatial information, while the lateral PFC is important for directing the attention 
towards internal or external representations (Müller and Knight 2006, Rottschy, Langner 
et al. 2012, Park and Gooding 2014). Therefore, simultaneous activation of the prefrontal 
and posterior parietal cortex could be responsible for maintaining representations that are 
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2 BrA is used instead of BA to avoid confusion with the active binding abbreviation (Ba)  
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not in the field of view anymore (Gazzaley, Rissman et al. 2004). This is consistent with 
the effect of working memory load on the prefrontal cortex, as it will interact with the 
parietal system in different degrees depending on task demands (Rottschy, Langner et al. 
2012). This network is also important for manipulation. As mentioned, maintenance and 
manipulation share similar anatomical regions, yet they differ functionally, with 
manipulation recruiting the DLPFC to a greater extent, and maintenance recruiting 
VLPFC to a greater extent (Owen, Evans et al. 1996, D'Esposito, Aguirre et al. 1998, 
Glahn, Kim et al. 2002, Veltman, Rombouts et al. 2003). Finally, the DLPFC also has 
important roles during encoding such as response selection, as well as strategy 
implementation and evaluation (Owen, McMillan et al. 2005). For example, D’esposito, 
Postle, and colleagues (2000) found in their study that the DLPFC is activated when there 
is a high information load, which might reflect the activation of efficient encoding. 
Indeed, when information needs to be organized into “chucks” to facilitate their memory 
and reducing the memory load, an increased activation of the lateral prefrontal cortex is 
seen (Owen, McMillan et al. 2005). Therefore, this circuit would be necessary to encode 
the appropriate external target, as well as maintaining and manipulating its representation 
in memory in order to accomplish a working memory task (Leung, Gore et al. 2002, Park 
and Gooding 2014). 
 
Lastly, the prefrontal-parietal network might represent the central executive as 
presented in Baddeley’s model (2010), as it would be essential to keep focus on the 
appropriate information in order to attain a goal (Rottschy, Langner et al. 2012).  Of 
course, working deficits are not limited to a modification of the prefrontal-parietal 
network. Depending on the various specific aspects of the tasks, those deficits are caused 
by spread alterations in connectivity between regions (Gazzaley, Rissman et al. 2004, 
Rottschy, Langner et al. 2012, Park and Gooding 2014). Nevertheless, as the prefrontal-
parietal network is involved independently of the task, it could imply that a deficit in this 
network would impair most working memory tasks. This is interesting, as impairment of 
this network would adequately represent the core working memory deficit in 
schizophrenia. 
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The Prefrontal-Parietal Network in Schizophrenia 
Numerous observations suggest a prefrontal-parietal network deficit in 
schizophrenia. Moreover, an impairment in the activity of this network could underlie 
both encoding, maintenance, and manipulation impairments. As a matter of fact, 
encoding deficits in schizophrenia have been related to dysfunctions of this network 
(Meda, Stevens et al. 2009). A reduced activation of the frontal-parietal network during 
encoding was observed in patients compared to control, and related to working memory 
deficits (Meda, Stevens et al. 2009). Moreover, the prefrontal-parietal network is 
required, in part, for top-down attentional control. This process is important during 
encoding in order to select appropriate information among various stimuli (Mayer, 
Fukuda et al. 2012). Indeed, this process is in part regulated by prefrontal cortex which 
can control which information can be stored or attended to in the parietal cortex (Mayer, 
Fukuda et al. 2012). Therefore, alteration in the prefrontal-parietal network could also 
lead patients to store irrelevant information during encoding, which is, as mentioned, 
linked to working memory deficits (Mayer, Fukuda et al. 2012). Furthermore, 
inappropriate top-down control due to reduced prefrontal-parietal coupling could also 
lead to maintenance deficits. For instance, it was found that patients have an inability to 
resist distractors (Mayer, Fukuda et al. 2012). In fact, DLFPC activation was related to 
distraction resistance during the maintenance phase in healthy individuals, but not in 
patients with schizophrenia (Anticevic, Repovs et al. 2012). Lastly, deficits in 
manipulation have been linked to aberrant prefrontal activation. For example, Cannon, 
Glahn et al. (2005) conducted a spatial working memory study with 11 patients and 12 
controls, which included a condition requiring only maintenance, and another condition 
requiring both maintenance and manipulation. The authors observed that there was a 
reduced DLPFC activation in patients compared to the control group in the task that 
required manipulation. Moreover, the reduced DLPFC activation was linked to the deficit 
in the patient group. This finding also applies to verbal working memory. Indeed, Hao-
Yang Tan, Wei-Chieh Choo et al. (2005) conducted a study with first-episode 
schizophrenic patients, which required maintenance in one condition, and maintenance 
and manipulation in the other. Both the patient and the control group showed left frontal-
parietal network activation during maintenance and manipulation, but the patient group 
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had a reduced DLPFC activation in both conditions. Moreover, this reduction was even 
more pronounced for the condition requiring manipulation (Hao-Yang Tan, Wei-Chieh 
Choo et al. 2005). Therefore, both those study support the hypothesis that manipulation 
would be affected to a greater extent in the schizophrenic population than maintenance, 
and that the prefrontal-parietal network would be required for both those processes. 
All those observations point to the importance of the integrity not only of the 
prefrontal and parietal cortex, but also of their connectivity. Indeed, inappropriate 
connectivity in this network could lead to deficits in a number of processes in 
schizophrenia. This hypothesized reduction in connectivity in schizophrenia has been 
documented in several imaging studies. A recent delayed match to sample study showed 
that reduced prefrontal cortex (BrA44) and right middle frontal cortex (BrA9 and BrA46) 
activation led to the failure to deactivate the inferior parietal lobe during encoding in 
patients (Anticevic, Repovs et al. 2013). On the other hand, activation of the prefrontal 
cortex, predicted the deactivation of the parietal regions in healthy controls (Anticevic, 
Repovs et al. 2013). The reduced patient group performance was correlated to the failure 
to deactivate the parietal network, and gave rise to maintenance deficits (Anticevic, 
Repovs et al. 2013). This suggests that the observed working memory deficits are partly 
due to the prefrontal cortex’s inability to properly exert control on the parietal cortex in 
patients with schizophrenia. This result was also supported by an activation likelihood 
meta-analysis which included 15 studies of unaffected first-degree relative (Zhang, 
Picchioni et al. 2016). A reduced activation of the right inferior frontal gyrus  (BrA44) 
and middle gyrus (BrA9) was observed, which was accompanied by an increased 
activation of the inferior parietal lobule (BrA40), and frontopolar (BrA10) cortex in first-
degree relatives of patients with schizophrenia. As the uncoupling of prefrontal and 
parietal cortex was also observed in first-degree relatives, this suggests that the reduced 
prefrontal-parietal connectivity could be an underlying predisposition for schizophrenia. 
Furthermore, those two studies highlight the importance of the parietal cortex’s 
deactivation by the prefrontal cortex during a complex working memory task. In fact, 
those regions are related to the default mode network (DMN) (Zhang, Picchioni et al. 
2016). The DMN is the “resting state” of the brain, which is inhibited when cognitive 
demands are present (Abigail G. Garrity , Godfrey D. Pearlson  et al. 2007). Simply put, 
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the DMN is involved in self-reflection, and to the internal and external attention of a 
stimulus (Abigail G. Garrity , Godfrey D. Pearlson  et al. 2007). Therefore, in order to 
properly attend a task, the DNM needs to be deactivated, in order to redistribute the 
attentional capacity to the cognitive task (Abigail G. Garrity , Godfrey D. Pearlson  et al. 
2007). Following this logic, in addition the failure of properly focus attentional resources, 
patients would also fail to deactivate the regions that are not necessary to the task, further 
reducing their attentional capacity.  
In summary, reduced coupling between the prefrontal and parietal cortex has been 
repeatedly reported in schizophrenia. This network seems to be crucial for most working 
memory tasks, and its alteration in schizophrenia could underlie the common working 
memory deficit. Indeed, alteration in this circuit could lead to various deficits. First, the 
inability to recruit the attentional network when the information is presented could result 
inappropriate target encoding, or increased distractibility. Moreover, failure to suppress 
default activity would inhibit memory formation contributing to encoding deficits 
(Anticevic, Repovs et al. 2013). Finally, the inability to focus on internal representations, 
which are stored in parietal regions, due to failure to inhibit the DMN and decreased 
attentional resources, could also contribute to the maintenance and manipulation deficit 
(Anticevic, Repovs et al. 2013).  It is possible to investigate working memory in 
schizophrenia through a number of tasks and methodologies. One of those working 
memory function, which is called binding, relies on a number of processes that impaired 
in schizophrenia. In fact, binding processes can require processes such as selective 
attention, manipulation, and encoding strategies. Yet, very few binding studies have been 
conducted in schizophrenia. Therefore, binding will be presented below, and its study in 
schizophrenia will then be exposed.  
 
4. Binding  
!
Binding refers to the integration of various features from different sources in a 
unique and coherent representation. Individuals process different features individually, 
yet, we are able to see an object, including its shape, colour, and location as an integrated 
whole (Baddeley, Allen et al. 2010). Therefore, various features can be integrated into 
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objects, episodes, or scenes (Karlsen, Allen et al. 2010). In order to properly perceive the 
world, this integrating process, as well as its maintenance in working memory is crucial 
(Addis and McAndrews 2006). Moreover, binding is critical in order to perform a 
number of cognitive functions, and everyday life operations (Olsen, Moses et al. 2012). 
For example, it is important for autobiographical memory, as perception of an event can 
be bound as a whole, with its context, and then integrated into LTM (Baddeley, Allen et 
al. 2010). Creating those representations is thus essential for episodic memory (Mitchell, 
Johnson et al. 2000), and failure to create appropriate representations could lead to 
improper encoding and false memories (Lyle, Bloise et al. 2006). 
In Baddeley’s model, when information from the two “slave systems” need to be 
associated, binding can occur within the episodic buffer. Indeed, this compartment allows 
the visuospatial sketchpad and the phonological loop to interact. Therefore, information 
coming from different modalities, can be bound and integrated into coherent 
representations (Baddeley, Allen et al. 2011). As mentioned above, Baddeley and 
Cowan’s models both suggest that four “chunks” of information can be temporarily held 
and manipulated in working memory (Cowan 2001). In fact, this capacity limit was 
observed in a study conducted by Luck and Vogel (1997). In that study, the authors 
created a visual working memory task in which participants had to either remember a 
change in colour, bar orientation, or had to monitor both. Individuals were able to 
maintain four integrated objects in working memory. Indeed, the authors observed that 
performances were equal for all conditions, hinting that objects were maintained in an 
integrated whole in memory (Luck and Vogel 1997). Moreover, the combined condition 
brought the memory span to up to eight features when there were four bars, as individuals 
were able to maintain the colour and orientation of each bar. In fact, participants could 
remember up to four features in simple objects, meaning that when four objects were 
maintained, up to sixteen features could be remembered. This thus implied that binding is 
an effective encoding strategy, as memory of integrated information was increased 
compared to single features, suggesting that binding optimizes memory (Luck and Vogel 
1997, Addis and McAndrews 2006).  
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Finally, in Baddeley’s model, the episodic buffer can be controlled by the central 
executive, but as mentioned, some observations hinted to the idea that the episodic buffer 
could also hold integrated information in a passive manner (Addis and McAndrews 2006, 
Luck, Danion et al. 2010, Grot, Petel Légaré et al. 2017). Passive binding implies that no 
voluntary effort is needed in order to create an association. For example, a binding study 
required participants to remember coloured shapes according to two conditions (Karlsen, 
Allen et al. 2010). In one condition (passive binding), participants were presented with an 
integrated image (e.g. red square). In the other condition (active binding) participants had 
to remember coloured shapes as well, but the colour and the shapes were spatially 
separated, and had to be unitized mentally. Therefore, both conditions required memory 
of an integrated whole consisting of the same number of characteristics (here, the form 
and the colour) (Karlsen, Allen et al. 2010). Yet, during the active binding condition, 
participants had to make a conscious effort to create an association between inputs. 
Active binding performance was generally lower, which suggested that this process might 
require more attentional processes than passive binding (Karlsen, Allen et al. 2010).  
The study of binding in schizophrenia is important, as multiple processes are 
involved in this function. Depending on the condition, binding relies on various processes 
to a different degree such as selective attention, manipulation, encoding strategies. The 
study of this function in schizophrenia could thus dissociate various impaired processes. 
Moreover, inappropriate binding could result in false associations and inaccurate 
representations, which are typical in schizophrenia.  
b) Binding in Schizophrenia  
Several studies have considered binding in schizophrenia. For example, Burglen, 
Marczewski et al. (2004) found that patients with schizophrenia had a lower performance 
when remembering object-location combination compared to individual features. On the 
other hand, controls performed equally in both conditions, which led them to believe that 
a specific binding deficit was present (Burglen, Marczewski et al. 2004). Several studies 
support this finding, showing that patients have more difficulty remembering the 
combination of characteristics rather than individual features (Burglen, Marczewski et al. 
2004, Salamé, Burglen et al. 2006, Giersch, van Assche et al. 2012). Conversely, others 
report no difference between binding performances and individual features (Gold, Wilk et 
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al. 2003, Luck, Foucher et al. 2008, Chhabra, Badcock et al. 2013). For example, Luck 
and colleagues (2010) found binding and single feature performance of schizophrenic 
patients did not significantly differ, which led the authors to hypothesize that there was 
no specific binding deficit in schizophrenia. This study goes in line with previous 
findings, in which there was no specific deficit in bound information compared to 
individual features in schizophrenia (Luck, Foucher et al. 2008, Luck, Buchy et al. 2009). 
To disentangle findings, a meta-analysis combining 10 binding studies in schizophrenia 
was conducted (Grot, Potvin et al. 2014). This study revealed that patient performance 
was equal for bound and discrete objects, but that both processes were lower in patients 
compared to controls (Grot, Potvin et al. 2014). Moreover, those deficits were present for 
all modalities (Grot, Potvin et al. 2014). Still, this meta-analysis only included studies 
using passive binding, which does not require conscious and voluntary effort.  
On the other hand, a recent study of our laboratory observed that while passive 
binding was spared, active binding was impaired in patients with schizophrenia (Grot, 
Petel Légaré et al. 2017). Indeed, our previous study required participants to memorize 
three locations, and three words, which were either presented as unitized (passive 
binding), or were presented separately and required conscious effort to be bound (active 
binding). Patients did not have a deficit in passive binding, when the location and the 
word were already associated, supporting the meta-analysis results (Grot, Potvin et al. 
2014). On the other hand, patient had a deficit in the active binding task, which required 
conscious effort (Grot, Petel Légaré et al. 2017). Those results therefore imply that 
patients with schizophrenia have a specific deficit in active binding, which could be due 
to the requirement of top-down regulation such as manipulation, attentional processes, 
and executive control. Indeed, this goes in line with the working memory literature, 
which states that patients have a maintenance deficit, which is exacerbated when 
manipulation is required (Kim, Glahn et al. 2004, Cannon, Glahn et al. 2005, Hao-Yang 
Tan, Wei-Chieh Choo et al. 2005). Moreover, as mentioned before, patients with 
schizophrenia have trouble finding optimal encoding strategies, and would therefore be 
deficient when the association between objects or words has to be voluntary. Passive 
binding, on the other hand, would be spared at is it is a bottom-up process, and would 
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require less higher order cognitive processes. This could thus underlie the discrepancies 
in the relational and associative field of schizophrenia.  
All in all, the comparison between active and passive binding allows the 
dissociation of a specific deficit in patients. Those functions require the involvement of 
various regions, depending on their encoding demands, and the isolation those regions 
could reveal a specific impairment in schizophrenia. Therefore, the neural correlates of 
active and passive binding will be exposed below, followed by their involvement in 
schizophrenia.  
c) Cerebral Regions Associated with Binding  
Before presenting anatomical correlates of binding in schizophrenia patients, it is 
important to assess neural correlates of binding in healthy subjects.  
 First, the prefrontal-parietal network described previously has been linked to 
binding, which supports the hypothesis that it is involved in most working memory tasks 
(Rottschy, Langner et al. 2012). Indeed, numerous studies suggest that the posterior 
parietal cortex is involved in the maintenance of combined verbal-spatial information 
(Wu, Chen et al. 2007, Luck, Danion et al. 2010), and that the prefrontal cortex is 
involved to a greater extent when the inputs have to be reorganized voluntarily (Bor, 
Duncan et al. 2003, Campo, Poch et al. 2010). Moreover, Todd and Marois (2004) found 
that the posterior parietal cortex was important for encoding and temporary maintenance 
during visuospatial binding task (Todd and Marois 2004). In their study participants were 
shown a screen with coloured discs. After a delay, a target disc was presented, and 
participants had to determine whether it was identical in colour and in location to the 
previously shown disc. The activity of the posterior parietal cortex was correlated with 
the information storage capacity during the task (Todd and Marois 2004). The authors 
thereby suggested that the posterior parietal cortex could be responsible for the limited 
visuospatial information storage (Todd and Marois 2004). Furthermore, the parietal 
cortex has also been related to integrated phonological information maintenance. Indeed, 
Addis and colleagues (2006), showed an involvement of the parietal cortex in their verbal 
binding task which was hypothesized to be involved in semantic information storage. 
Their study also highlighted the role of the left prefrontal cortex during voluntary 
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associative encoding. Moreover, the authors also found an important negative 
relationship between prefrontal and parietal cortices, thought to represent the modulation 
of attention (Addis and McAndrews 2006). 
Yet, as mentioned, various methodologies in working memory would recruit other 
areas. Accordingly, the medial temporal region seems to be involved in binding process 
specifically. Indeed, a number of neuroimaging studies support that binding is performed 
by the hippocampus. Activation of this region was reported when encoding word pairs 
(Meltzer and Constable 2005, Addis and McAndrews 2006), objects pairs (Achim and 
Lepage 2005), name-face pairs (Sperling, Chua et al. 2003) item-source (Davachi, 
Mitchell et al. 2003) and item-location (Sommer, Rose et al. 2005, Addis and 
McAndrews 2006, Olson, Moore et al. 2006, Piekema, Kessels et al. 2006, Finke, Braun 
et al. 2008, Hannula and Ranganath 2008). Furthermore, the location of the hippocampus 
puts it at an advantage to perform binding. Indeed, this structure receives inputs from a 
number of regions, such as the visual and auditory stream, as well as the temporal and 
parietal lobes (Olsen, Moses et al. 2012). This would enable the integration of a number 
of information coming from sensory and associative regions (Olsen, Moses et al. 2012) 
Numerous studies support this idea. For example, Olson and colleagues (2006) 
conducted a study in which participants with hippocampal lesions were submitted to a 
visual binding task. Participants had to remember objects and their locations on a 3 x 3 
matrix, and individuals with damaged hippocampus performed significantly worse when 
asked to remember combined object and location (Olson, Moore et al. 2006, Baddeley, 
Allen et al. 2010). Yet, as the hippocampus is important for spatial processing, there is 
still a debate on whether it is only necessary for tasks requiring binding of spatial 
information. Indeed, this distinction was proposed by Piekema, Kessels et al. (2006), as a 
delayed match-to-sample task activated the hippocampus for the maintenance of object-
location task, but not for the object-colour combination or single features task. Still, a 
number of studies observed that the hippocampal formation was involved in verbal 
associations, and other non-spatial tasks (Meltzer and Constable 2005, Addis and 
McAndrews 2006). For example, Henke, Weber et al. (1999) found that the hippocampus 
was crucial for establishing new semantic associations, as new associations increased 
hippocampal activity.  
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Additionally, the medial temporal lobe seems to be involved in all temporal 
processes of binding. Hannula and Ranganath (2008) used a relational memory task 
where four objects were presented in different locations, with nine probable locations. 
Subjects had to maintain and mentally memorize the grid, and then identify if the right 
objects were in the correct location (Hannula and Ranganath 2008). This task thus 
required relational memory, as well as manipulation. Activation of the hippocampus 
during encoding and retrieval predicted success in the relational task (Hannula and 
Ranganath 2008). Moreover, the hippocampus was activated very early during encoding, 
a period when only regions involved in perception are normally activated (Riggs, Moses 
et al. 2009, Olsen, Moses et al. 2012). This suggests that the hippocampus is not only 
necessary for the maintenance of bound information, but also for it’s encoding.  
Furthermore, Olsen, Moses et al. (2012) argued that the hippocampus is necessary 
for both active and passive binding. Yet, the important difference is that prefrontal 
strategies would be necessary for optimal encoding during active binding (Addis and 
McAndrews 2006). Indeed, the prefrontal cortex would be required to create appropriate 
associations between stimuli, which could then be bound by the hippocampus (Lepage, 
Habib et al. 2000, Addis and McAndrews 2006). Supporting this, Addis and colleagues 
(2006) used a task in which semantic memory was assessed with words that either had 
associations between them (relational load), or that did not (generative load). The 
hypothesis was that areas activated during the unrelated words trials would be linked to 
the generation of associations, while the pre-associated words would activate areas 
related to the general binding process. Verbal relational encoding, and establishing 
associative strategies activated the bilateral inferior frontal gyrus, with a more important 
left hemisphere involvement (Addis and McAndrews 2006). This supports the hypothesis 
that the prefrontal cortex coordinates active associative encoding. Moreover, this 
activation was accompanied by the activation of the left hippocampus, which is 
hypothesized as lateralized due to the verbal nature of this task. All in all, this study 
supports the idea that the inferior frontal gyrus is necessary to consciously find the 
appropriate relationship between inputs, in order to coordinate the hippocampus to 
combine and maintain this association (Addis and McAndrews 2006). A few studies have 
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been conducted to determine the neural correlates of binding in schizophrenia. Those will 
be described below.  
d) Regions Associated with Binding in Schizophrenia 
The neural correlates of binding in schizophrenia have been investigated (Luck, 
Danion et al. 2010, Grot, Petel Légaré et al. 2017). The study by Luck, Danion et al. 
(2010) involved passive binding, and as mentioned before, there were no differences 
between binding and single feature memory, as patients performed below controls in both 
conditions. However, this study is interesting as it put forward the neural correlates of 
passive binding. In healthy controls, the hippocampus and parahippocampal gyrus were 
involved in encoding and maintenance of bound information (Luck, Danion et al. 2010). 
Conversely, patients showed an activation of the medial temporal regions during 
encoding, but not during maintenance, which points to a deficit in this phase. This study 
focused on passive binding, where cognitive demands are low (Luck, Danion et al. 2010). 
Therefore, this suggests that associative encoding by medial temporal region is spared 
when minimal encoding strategies are required. However, even if patients have no 
specific passive binding deficit, the maintenance of combined information in the 
hippocampus is still compromised, as they perform below controls. The authors also 
observed an increased activation of the inferior parietal lobule in both healthy controls 
and patients, hypothesized to be part of the rehearsal loop. Indeed, this region would be 
required maintaining attention towards internal representations (Luck, Danion et al. 
2010). Nevertheless, this activation was not correlated to performance in the patient 
group, which was proposed to be due to non-specific mental effort (Luck, Danion et al. 
2010). In short, this study showed that binding representations, even when successfully 
encoded, might have a decreased maintenance due to the hypoactivation of the medial 
temporal lobe, as well as aberrant parietal activation. This maintenance deficit leads to a 
reduced binding performance in patients with schizophrenia, but it is not enough to 
significantly differ from their individual features performance. 
On the other hand, the recent study conducted by our laboratory explored the 
neural correlates of active binding in schizophrenia (Grot, Petel Légaré et al. 2017). As 
mentioned, a specific active binding deficit was observed in patients compared to 
controls, while passive binding was spared. A posterior parietal hypoactivation during 
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encoding was reported in patients. This could underlie a manipulation impairment (Grot, 
Petel Légaré et al. 2017). Indeed, manipulation is key in active binding, as features need 
to be actively combined in this condition (Grot, Petel Légaré et al. 2017). Therefore, it is 
possible that patients failed to properly organize the inputs into unified representations, 
resulting in an encoding deficit specifically in the active binding task. A reduced parietal 
activation during encoding could also result in selective attention impairment, a function 
required during the active binding task. Moreover, a hypoactivation of the ventrolateral 
prefrontal cortex was observed in patients during early maintenance. As mentioned, the 
VLPFC is part of the articulatory loop, and necessary for maintenance of verbal 
information (Rottschy, Langner et al. 2012, Grot, Petel Légaré et al. 2017). This region is 
also thought to maintain spatial and verbal information, and it is possible that failure to 
properly encode the association between the inputs resulted in decreased VLPFC 
activation.   
In summary, as in all working memory tasks, binding requires the prefrontal-
parietal network, which, as mentioned, has been documented as altered in schizophrenia 
(Karlsgodt, van Erp et al. 2008, Pérez-Iglesias, Tordesillas-Gutiérrez et al. 2010, Carletti, 
Woolley et al. 2012, Clemm von Hohenberg, Pasternak et al. 2014, Canu, Agosta et al. 
2015). Modifications of the core network could therefore explain the deficit in active 
binding of patients. Yet, the medial temporal lobe, and as well its connection to the 
prefrontal cortex seems to be required for the binding processes specifically. In order to 
explain the alteration of functional activity, one can look at the anatomical findings in 
schizophrenia. Indeed, as mentioned, numerous anatomical alterations, in white and gray 
matter have been reported in schizophrenia (Goldman, Pezawas et al. 2009, Wheeler and 
Voineskos 2014). Moreover, changes in morphology in the prefrontal, parietal or the 
medial temporal lobe could explain the working memory deficit, as modifications of 
those regions could alter their functions (Guye, Parker et al. 2003, Greicius, Supekar et 
al. 2008, Bennett and Rypma 2013). The next section will thus explore possible alteration 
in the prefrontal, parietal, and medial temporal regions, as well as possible modification 
in the connection between those areas in schizophrenia. Indeed, a number of studies in 
schizophrenia indicate that the core network described by Rottschy, Langner et al. 
(2012), as well as the temporal medial-prefrontal network do not only show a gray 
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matter, but also a white matter alteration. This section will thus focus on gray and white 
matter changes in the prefrontal-parietal network, as well as the medial-temporal 
network, and explore its possible link with binding deficits. 
5. Anatomical Alterations in Schizophrenia and Binding Deficits 
!




Numerous studies report a reduction of thickness and density in the parietal and 
prefrontal cortex in patients (Thompson, Vidal et al. 2001, Whitford, Grieve et al. 2006, 
Schultz, Koch et al. 2010, Xiao, Lui et al. 2015).  
Those reductions have also been documented in first-episode patients, at risk 
individuals, and unaffected first-degree relatives (Thompson, Vidal et al. 2001, Whitford, 
Grieve et al. 2006, Clemm von Hohenberg, Pasternak et al. 2014). This is interesting, as 
those populations have not been exposed to medication, which suggests that those 
alterations are present before onset, and are not due to medication side effects or disease 
chronicity. For instance, a longitudinal gray matter study with very early onset patients 
reported an important parietal lobe gray matter reduction in the first years, followed by a 
decrease in frontal gray matter, specifically of the DLPFC gray matter (Thompson, Vidal 
et al. 2001, Clemm von Hohenberg, Pasternak et al. 2014). Whitford and colleagues 
(2006) also found a reduction of prefrontal and parietal cortex gray matter in first episode 
patients. Furthermore, they observed an important decline in gray matter in the first 2 
years especially in the parietal, the prefrontal and temporal region (Whitford, Grieve et al. 
2006). This was replicated in a recent study with 128 medication naïve patients, who 
showed cortical thinning in the bilateral prefrontal and parietal cortex (Xiao, Lui et al. 
2015). Finally, another first-episode patient study showed that there was cortical thinning 
in the frontal, DLPFC, temporal, and parietal regions (Narr, Bilder et al. 2005). These 
studies show that gray matter reductions in the prefrontal-parietal network are present at 
onset. Moreover, the longitudinal course seems to display an important decrease in 
thickness after onset.  
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Cortical thickness alteration of the prefrontal and parietal regions have also been 
linked to deficits in schizophrenia. Prefrontal cortical thinning was related to a 
diminution of executive functions, working memory, and attention in schizophrenia 
(Ehrlich, Brauns et al. 2012). Reduction of the parietal region gray matter was related to 
visuospatial and attentional deficits, as well as associative thinking impairments 
(Thompson, Vidal et al. 2001). Moreover, a disruption of the structure-function 
relationship was observed in patients. Indeed, while the lateral PFC cortical thickness was 
significantly associated with verbal recall and manipulation in controls, this correlation 
was not observed in patients (Ehrlich, Brauns et al. 2012). Conversely, verbal working 
memory was related to alternative areas in patients, such as the right middle and superior 
temporal lobe. Interestingly, as lateral prefrontal cortical thinning was observed in 
patients, this could suggest that changes in morphology led to the use of alternative 
networks (Ehrlich, Brauns et al. 2012).This goes in line with the disrupted structure-
function hypothesis of schizophrenia (Hartberg, Lawyer et al. 2010). Finally, Wheeler, 
Chakravarty et al. (2014) also found that decreased DLPFC cortical thickness was 
associated with lower working memory performance in chronic and first-episode patients. 
Once again, as the same relationship is present in first-episode and chronic patients, it 
suggests that this could be an underlying pathology, and not simply caused by other 




Modification of the prefrontal-parietal connectivity has been reported numerous 
times in schizophrenia (Collin, Kahn et al. 2014, Wheeler and Voineskos 2014). Indeed, 
imaging studies have shown that the connection between the prefrontal and parietal 
cortices is disrupted in patients (Petrides and Pandya 2002). Moreover, the fronto-parietal 
connection has been linked to verbal working memory in schizophrenia (Schneider, 
Habel et al. 2007, Karlsgodt, van Erp et al. 2008, Henseler, Falkai et al. 2010). 
One of the most interesting fibres linking those two hubs is the superior 
longitudinal fasciculus (SLF). The SLF links the DLPFC and the middle frontal cortex 
with the parietal cortex (Petrides and Pandya 2002). Alteration of this fibre is one of the 
most consistent findings in ultra-risk patients, unaffected first-degree relatives, and 
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schizophrenia patients (Karlsgodt, van Erp et al. 2008, Pérez-Iglesias, Tordesillas-
Gutiérrez et al. 2010, Carletti, Woolley et al. 2012, Clemm von Hohenberg, Pasternak et 
al. 2014, Canu, Agosta et al. 2015). This is relevant, as it suggests that SLF modification 
could occur before onset, irrespective of treatment, thus relating to the cause and not the 
consequence of the disease (Wheeler and Voineskos 2014). Finally, the left SLF is more 
consistently reported as reduced (Karlsgodt, van Erp et al. 2008, Sasamoto, Miyata et al. 
2014).  
Higher SLF FA values were correlated with better cognitive performances 
(Wassermann, Makris et al. 2016). For instance, a study by Karlsgodt, van Erp et al. 
(2008) showed that verbal working memory performance was correlated with the left, but 
not the right SLF FA in schizophrenia. The authors conclude that it is related to the 
verbal nature of the task, this modality being lateralized to the left. Moreover Baddeley 
(2007) proposed that the SLF, including the arcuate fasciculus are part of the working 
memory circuit (Baddeley 2007, Catani and de Schotten 2012). They proposed that the 
link between the parietal and frontal cortex could act as a memory trace rehearsal. This 
goes in line with the idea that the prefrontal cortex could direct the attentional focus to 
the appropriate internal or external information held in the parietal cortex (Catani and de 
Schotten 2012). 
Another characteristic rendering the SLF study interesting in schizophrenia is its 
development. The SLF is the most vulnerable fibre during adolescence and early 
adulthood (Clemm von Hohenberg, Pasternak et al. 2014, Canu, Agosta et al. 2015). The 
prefrontal-parietal connection is one of the last to be myelinated, and develops until early 
adulthood (Clemm von Hohenberg, Pasternak et al. 2014, Lett, Voineskos et al. 2014). 
The end of this process corresponds to disease onset, which goes in line with the 
neurodevelopmental hypothesis of schizophrenia. Indeed, pruning and rearrangement of 
those axons occur at later stages (Canu, Agosta et al. 2015), suggesting that organization 
failure could trigger various symptoms. Moreover, myelination between the frontal and 
parietal lobe correlates with working memory capacity during development (Karlsgodt, 
Sun et al. 2008, Vestergaard, Madsen et al. 2011). Therefore, it is possible that this fibre 
is not properly reorganized during early adulthood, which could create deficits in the 
higher order cognitive functions needed to achieve complex tasks. This goes in line with 
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the fact that working memory deficits are present during the premorbid phase, can 
deteriorate at onset, and will stay stable through the disease. Indeed, the deterioration of 
those two regions, as well as their connection, occurs before onset, as well during the first 
years of the disease, which will then stabilize (Thompson, Vidal et al. 2001, Clemm von 
Hohenberg, Pasternak et al. 2014, Canu, Agosta et al. 2015). Thus, the prefrontal cortex 
develops last, and failure to establish proper connections during early adulthood with 
various regions could give rise to the disconnection hypothesis of schizophrenia.  
Finally, another process occurring throughout development is the lateralization of 
this fibre. Indeed, hemispheric asymmetry is an important characteristic of the healthy 
brain (Catani and de Schotten 2012), and the SLF is unequally distributed between 
hemispheres (Catani, Allin et al. 2007, de Schotten, Dell'Acqua et al. 2011). The 
lateralization is independent of handedness (Vernooij, Smits et al. 2007), and develops 
until early adulthood, which also correlates with the onset of the disease. Moreover, the 
functional lateralization is correlated with the microstructural values, such as FA (Catani, 
Allin et al. 2007, Vernooij, Smits et al. 2007). Lateralization of the prefrontal-parietal 
network is related to various tasks. Correlations between the SLF lateralization and 
verbal memory task (Catani, Allin et al. 2007), as well as visuospatial task (de Schotten, 
Dell'Acqua et al. 2011) were observed in healthy subjects. Nonetheless, correlations 
between lateralization and performance are not straightforward, and seem to be quite 
heterogeneous throughout the population. Indeed, healthy subjects performed better when 
the SLF was lateralized to the right in a visuospatial task; yet, another study observed that 
the symmetrical arrangement of another part of the SLF provided an advantage in a 
verbal task (Catani, Allin et al. 2007, de Schotten, Dell'Acqua et al. 2011). Thus, the 
lateralization process is complex, but appears to be crucial for complex tasks (Catani, 
Allin et al. 2007, Catani and de Schotten 2012). Interestingly, a few studies reported that 
patients with schizophrenia have a lateralization alteration, which is either reduced, or 
even flipped in the parietal, and the frontal cortex gray matter, as well as in the white 
matter connecting them (Niznikiewicz, Donnino et al. 2000, Buchanan, Francis et al. 
2004, Ribolsi, Daskalakis et al. 2014, Wheeler and Voineskos 2014). Furthermore, this 
aberrant lateralization was also observed at a functional level. Indeed, during a 
visuospatial working memory task, healthy controls activated the right fronto-parietal 
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circuit, consistent with the visuospatial specialization of the right hemisphere (Lee, 
Folley et al. 2008, Kim, Matthews et al. 2010). On the other hand, schizophrenia patients 
tended to have a bilateral activation of the fronto-parietal network, and the reduced 
asymmetry correlated with reduced performance, which implied a possible reduced 
specificity of circuits (Lee, Folley et al. 2008). 
Thus, the prefrontal-parietal network seems to be altered both in the gray and 
white matter in patients. This network is required for most working memory tasks; yet, 
the network including the prefrontal and the medial temporal lobe seems to be important 
for binding specifically. Numerous studies report its anatomical modification.  
!




Feature binding relies heavily on the medial temporal lobe, and more specifically 
on the hippocampus. Interestingly, decreased hippocampal volumes is one of the most 
replicated finding in schizophrenia (Heckers 2001, Carol A. Tamminga 2010). This 
volume is usually reduced by about 5 %, a finding observed to a greater extent in the left 
hemisphere (Nelson, Saykin et al. 1998, Ian C. Wright, Sophia Rabe-Hesketh et al. 2000, 
John G. Csernansky, Lei Wang et al. 2002, Harrison 2004, Carol A. Tamminga 2010). 
Accordingly, reduced leftward asymmetry has also been reported in schizophrenia 
patients (John G. Csernansky, Lei Wang et al. 2002). In short, this would correspond to 
patients having a smaller left than right hippocampus (John G. Csernansky, Lei Wang et 
al. 2002). Smaller hippocampal size can be detected as soon as the first psychotic episode 
(Heckers 2001, Carol A. Tamminga 2010), and seems to decrease with disease 
progression (Chakos, Schobel et al. 2005). As this alteration is present before onset, it 
could contribute to the development of the disease. Indeed, it was observed that neonatal 
lesion of the ventral hippocampus in rats leads to schizophrenic symptoms in adulthood 
(Kevin Blot 2013). Therefore, hippocampal insult during neurodevelopment could lead to 
a number of schizophrenic symptoms.  
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As for cortical thickness studies, reduction of this value in the medial temporal 
region has also often been observed (Kuperberg, Broome et al. 2003, Ehrlich, Brauns et 
al. 2012, Sasamoto, Miyata et al. 2014). Indeed, a meta-analysis reported that the most 
common alterations in morphology were located in the medial temporal lobe (Ian C. 
Wright, Sophia Rabe-Hesketh et al. 2000). More specifically, a reduction of the 
hippocampus and the parahippocampal gyrus were the most consistent findings (Ian C. 
Wright, Sophia Rabe-Hesketh et al. 2000). Moreover, both schizophrenia patients and 
their first-degree relatives showed medial temporal lobe reduction (Karnik-Henry, Wang 
et al. 2012), suggesting a genetic contribution.  
Changes in medial temporal lobe morphology also correlate with cognitive 
function. Patients with a hippocampal formation alteration, especially in the left 
hemisphere, have deficits in declarative memory tasks (Heckers, Rauch et al. 1998, 
Weiss, Schacter et al. 2003, Weiss, Zalesak et al. 2004). Moreover, a study combining 
131 patients and 138 matched controls observed significant positive correlations between 
cognitive tasks and cortical thickness (Ehrlich, Brauns et al. 2012). A relationship 
between hippocampal volume and verbal learning and memory was observed. This 
relationship also applied to visual and logical learning (Sanfilipo, Lafargue et al. 2002, 
Ehrlich, Brauns et al. 2012). Episodic memory in relation to the medial temporal lobe 
was also studied in schizophrenia patients, their first degree relative, and well as controls 
(Karnik-Henry, Wang et al. 2012). The patients and their siblings had a reduced 
parahippocampal gyrus. Moreover, the authors observed that schizophrenic patients 
performed worse than any other group, and that unaffected siblings performed worse than 
controls. Importantly, there was a positive relationship between the parahippocampal 
volumes and performance, suggesting that this structure might contribute to the deficit 
(Karnik-Henry, Wang et al. 2012). Finally, another study showed that temporal cortical 
thickness was associated with verbal learning, processing, and executive function in 
healthy controls (Hartberg, Lawyer et al. 2010, Ehrlich, Brauns et al. 2012). Yet, 
schizophrenic patients had a more extended association, suggesting, once again an 
alteration of the structure-function relationship (Hartberg, Lawyer et al. 2010, Ehrlich, 




As for the prefrontal-parietal connectivity, the prefrontal-temporal connectivity 
has also been often observed as decreased in schizophrenia. In fact, a recent meta-
analysis including 407 patients and 383 controls found that the two most consistently 
affected regions were the left deep frontal and temporal white matter (Ellison-Wright and 
Bullmore 2009). Interestingly, neonatal lesion to the hippocampus is a prominent animal 
model of schizophrenia, and lesions to this region sometimes lead to DLPFC dysfunction 
(Meyer-Lindenberg, Olsen et al. 2005). Moreover, the connectivity between those two 
regions is associated with cognitive functions. Indeed, Wolf, Gur et al. (2007) found 
aberrant fronto-temporal connectivity during verbal encoding in patients. Greater 
connectivity between the temporal and DLPFC resulted in greater performance in 
controls. On the other hand, patients presented greater VLPFC-temporal connectivity, 
which the authors hypothesized to be related to ineffective compensatory strategies 
(Wolf, Gur et al. 2007). 
The largest fibre track connecting the frontal and temporal lobe is the uncinate 
fasciculus (UF) (Ellison-Wright and Bullmore 2009). This white matter tract connects the 
temporal lobe with the ventral, medial and orbital part of the frontal lobe (Price, 
Cercignani et al. 2008, Catani and de Schotten 2012). Interestingly, a number of studies 
observed a reduced integrity of this fibre in schizophrenia (Burns, Job et al. 2003, 
McIntosh, Maniega et al. 2008, Price, Cercignani et al. 2008, Voineskos, Lobaugh et al. 
2010, Hanlon, Houck et al. 2012). In fact, a decrease in the FA in the UF is one of the 
most frequent findings in chronic patients (Wheeler and Voineskos 2014). Moreover, 
reduction of this fibre has been reported in first-episode patients (Price, Cercignani et al. 
2008), and unaffected relatives (Peters, Schmitz et al. 2009). 
 A reduced UF FA leads to a diminished functional connectivity between the 
medial temporal lobe and the prefrontal cortex, and the integrity of this fibre is linked to 
cognition (Kubicki, Westin et al. 2002, Burns, Job et al. 2003). Indeed, a reduced UF FA 
in patients has been linked to verbal memory, episodic memory, executive function, and 
working memory (Kelvin O. Lim , Babak A. Ardekani  et al. 2006, Nestor, Kubicki et al. 
2008, Spoletini, Cherubini et al. 2009, Henseler, Falkai et al. 2010, Hanlon, Houck et al. 
2012). Importantly, a recent study tried to understand if the UF was necessary for the 
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transverse patterning task (Hanlon, Houck et al. 2012). This task relies on working and 
relational memory, and resembles binding. In short, transverse patterning task resembles 
the “rock paper scissors” game (Hanlon, Houck et al. 2012). In order to perform 
adequately, participants had to remember the correct relationship between 3 stimulus 
(Hanlon, Houck et al. 2012). Using “rock paper scissors” as an example; rock would win 
over paper, paper would win over scissors, and scissors would win over rock. Therefore, 
participants had to maintain the relationship between the stimulus, and manipulate which 
input would be appropriate depending on context (Hanlon, Houck et al. 2012). Another 
task used in this experiment was the visual hidden platform. In that task, participants had 
to use visual cues to discover a hidden platform. Both tasks are known to rely heavily on 
the DLPFC and the hippocampus (Hanlon, Houck et al. 2012). As the UF links the 
hippocampus and the DLFPC, the authors hypothesized that a reduced FA would 
compromise performance. Schizophrenic patients were heavily impaired in both tasks, 
confirming that this population has a dysfunctional relational memory (Hanlon, Houck et 
al. 2012). Moreover, patients had significant FA reduction in bilateral UF, and both 
working memory relational tasks were positively correlated to this value (Hanlon, Houck 
et al. 2012). Yet, there was no correlation with the UF in the control tasks, which were 
similar, but without the need of relational manipulation. This study thus put forward the 
importance of the UF during the voluntary manipulation of relational memory, and the 
requirement of the hippocampal and prefrontal cortex interaction. This could be applied 
to active binding, as in order to succeed in this task, the DLPFC would need to find the 
optimal strategy, and control the hippocampus. Indeed, the integration of new 
information and associations would rely on this interaction (Hanlon, Houck et al. 2012). 
This relationship would thus be key to create new, or be able to use old relationships, as 
well as manipulate them. Interestingly, reduction of hippocampal-prefrontal connectivity 
is correlated with positive symptoms (Henseler, Falkai et al. 2010). This could be 
explained by the fact that integration and association of new information could be 
compromised, which would create false perception and delusions (Henseler, Falkai et al. 
2010).  
The interaction between prefrontal and medial temporal region was also assessed 
in a study by Meyer-Lindenberg, Olsen et al. (2005). Using a functional connectivity 
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method and an N-back test, the authors found disturbed reciprocal connection between 
the DLPFC and the hippocampus in patients with schizophrenia. The authors also 
observed that the inferior parietal lobe and the DLPFC were negatively coupled with the 
hippocampus in healthy patients. When working memory load increased, healthy control 
had decreased functional connectivity between the hippocampus and the DLPFC. In 
patients, DLPFC activation and hippocampal deactivation were decreased, which led to 
task independent increased hippocampus activation. This could mean that the DLPFC 
does not modulate the hippocampus appropriately in schizophrenia, because of the 
relative independence of structure. This reduction of hippocampal modulation has since 
been replicated numerous times (Weiss, Goff et al. 2006, Ehrlich, Brauns et al. 2012).   
Finally, Kubicki, Westin et al. (2002) found that healthy controls have a greater 
left than right UF, while patients did not have this lateralization. The possible reduced left 
lateralization has been found in a number of schizophrenia studies (Kubicki, Westin et al. 
2002, Voineskos, Lobaugh et al. 2010). However, results are heterogeneous (Catani and 
de Schotten 2012, Olson, Heide et al. 2015). Indeed, a post-mortem study showed that the 
right UF is generally greater than the left in control subjects and that this relationship was 
maintained in schizophrenia (Highley, Walker et al. 2002). Therefore even though 
lateralization of this fibre has been documented, the direction of the lateralization is still 
under debate (Olson, Heide et al. 2015). Nevertheless, functional lateralization of this 
network was also observed. For instance, in the study by Hanlon, Houck et al. (2012), the 
verbal task activated left hippocampal formation while the non-verbal task activated the 
right hippocampal formation.  
All in all, working memory depends on the tight coordination of various regions 
with the prefrontal cortex (Lett, Voineskos et al. 2014). Coupling between prefrontal and 
parietal cortex increases with memory load, manipulation demands, and is required most 
working memory tasks (Rottschy, Langner et al. 2012, Lett, Voineskos et al. 2014). On 
the other hand, the connection between the prefrontal cortex and the medial temporal lobe 
seems crucial for binding specifically. A number of studies show that patients with 
schizophrenia have a prefrontal dysconnectivity (Zhou, Fan et al. 2015), which could 
explain their broad deficit in a number of working memory tasks. Schizophrenia is 
thought be a neurodevelopmental disease in which the formation and regression of 
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synapses are dysfunctional. This could lead to a reduction of gray matter in key regions, 
but also to their diminished connectivity. Indeed, cortical thinning was related to white 
matter reduction, which suggests that reduction in those two anatomical values could be 
linked (Sasamoto, Miyata et al. 2014). Working memory is extremely complex, and the 
study of a specific deficit might shed light on the complex phenotype expressed by 
patients. Binding allows the study of a specific process using perception, manipulation, 
encoding strategies, associative memory, and attentional capacity. As patients are not 
impaired in passive binding, it allows the distinction between associative memory, and 
manipulation in associative memory. Therefore, studying the specific deficit of active 
binding in working memory could allow better understanding of the impact of 




Our previous study showed that schizophrenic patients had a specific active 
binding deficit (Grot, Petel Légaré et al. 2017). This is important, as it highlighted the 
specific cognitive and executive control dysfunction in patients. Our previous study 
focused on functional activations, and proposed that altered activity in the patient group 
could be responsible for the specific active binding deficit. Therefore, our main goal is 
now to determine whether this specific active binding deficit could be a result of altered 
anatomy in schizophrenia. Indeed, binding is underpinned by three principal structures: 
the medial temporal lobe, the parietal lobe, and the prefrontal cortex. Both cortical 
thinning and reduced connectivity has been reported in those regions, and reductions of 
those values have been related to cognitive dysfunction. A number of studies suggest that 
schizophrenia is related to hypofrontality, as well as prefrontal dysconnectivity (William 
M. Perlstein 2001, Jae-Jin Kim, Jun Soo Kwon et al. 2003, Meyer-Lindenberg 2005, 
Fang, Wang et al. 2017). Furthermore, a deficit in active, but not passive binding, 
suggests a lack of prefrontal control. The prefrontal cortex is linked by the UF to the 
medial temporal region, and by the SLF to the parietal region. As sparse cognitive and 
anatomical alterations are present in schizophrenic population, our goal is to 
determine if specific anatomical modifications are responsible for the specific active 






Two main networks would be involved in active binding specifically. First, the 
prefrontal-parietal network is related to attention, manipulation and storage of 
information. The prefrontal cortex would be required in order to find an appropriate 
encoding strategy, and interact with the parietal cortex in order to manipulate information 
(Owen, Evans et al. 1996, D'Esposito, Aguirre et al. 1998, Glahn, Kim et al. 2002, 
Veltman, Rombouts et al. 2003, Müller and Knight 2006, Rottschy, Langner et al. 2012, 
Park and Gooding 2014). On the other hand, prefrontal-parietal connections would be 
less important for the passive task performance. The SLF links the prefrontal and parietal 
cortex, and has been reported as altered in patients in many studies (Karlsgodt, van Erp et 
al. 2008, Pérez-Iglesias, Tordesillas-Gutiérrez et al. 2010, Carletti, Woolley et al. 2012, 
Clemm von Hohenberg, Pasternak et al. 2014, Canu, Agosta et al. 2015). We thus expect 
a reduced SLF integrity in patients, which would be correlated to the active binding, 
but not the passive binding task performance. Moreover, as white matter integrity 
was shown to influence the cortical thickness of the region it links, we expect the 
reduced SLF integrity to be linked cortical thinning in the prefrontal and parietal 
regions in patients (Sasamoto, Miyata et al. 2014).   
  
On the other hand, the binding process itself is achieved by the medial temporal 
lobe. The prefrontal cortex interacts with the medial temporal lobe in order to create new 
associations. However, if the associations were already provided, the medial temporal 
lobe region would be able to properly maintain this association, and would thus rely to a 
lesser extent on prefrontal control. Therefore, a reduction of the connectivity of those 
regions would also create a specific active binding deficit. Interestingly, the UF links 
those two regions, and is often described as reduced in schizophrenia (Burns, Job et al. 
2003, McIntosh, Maniega et al. 2008, Price, Cercignani et al. 2008, Voineskos, Lobaugh 
et al. 2010, Hanlon, Houck et al. 2012). We thus expect reduced UF integrity in 
patients, which would be correlated to the active binding, but not the passive 
binding task performance. We also expect that reduced UF will be linked cortical 
thinning in the prefrontal and medial temporal lobe regions in patients.   
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Finally, as schizophrenia is a neurodevelopmental disease, the lateralization 
process and hemispheric specialization occurring during development could also be 
related to this deficit. Indeed, lateralization is thought to be important, especially for 
visuospatial and verbal functions. Visuospatial processes are concentrated in the right 
hemisphere, while verbal functions are more distributed to the left (Toga and Thompson 
2003). Even though the degree to which lateralization is needed is still debated, authors 
agree that it could be related to performance. As our task will involve both verbal and 
visuospatial information, an exploratory analysis will be performed to determine whether 
lateralization is linked to the specifically to the task. We expect that the degree of 
lateralization of the gray and white matter in the prefrontal, parietal and medial 
temporal regions will be altered in patients, and that this alteration could be related 














1. Participants  
!
Stéphanie Grot, a student in our laboratory performed patient recruitment and 
scanning procedures. The selection criteria, as well as the task have been described in a 
recently published article (Grot, Petel Légaré et al. 2017), and will be exposed below.  
 
a) Patient Recruitment 
Twenty patients diagnosed by psychiatrists of the Institut Universitaire de Santé 
Mentale de Montréal (IUSMM) were recruited. They were all diagnosed with 
schizophrenia according to the DSM-IV-TR definition (APA 2013). Moreover, all 
patients were in a stable phase for at least one month at the time of the study. Patients 
were all on antipsychotic medication. Two were treated with typical antipsychotics, and 
eighteen were treated with atypical antipsychotics (Grot, Petel Légaré et al. 2017). As 
patients were treated with various antipsychotics, a chlorpromazine equivalent (mg per 
day) was calculated for all participants (Woods 2003). This calculation was performed in 
order to be able to verify if any significant results could be due to this confounding 
factor.  
Internet publicity and posters were used to recruit 23 healthy controls. Healthy 
controls reported no neurological or psychiatric disorders history. Moreover, they did not 
have any relatives presenting those disorders either. As mentioned, cognitive and 
working memory symptoms are present as an intermediate phenotype in first-degree 
relatives (Heather M. Conklin, Clayton E. Curtis et al. 2000). Therefore, the absence of 
psychiatric familial history in healthy controls was crucial, in order to ensure that no 
controls had any intermediate cognitive deficiency.   
 
A few more conditions were required in order to be included in the study: 
-! To be able to speak French: The task contains written words, and it would have 
been difficult to match French and English words. This is important as our task, 
which will be described in the next section, relies on the phonological loop.   
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-!  The absence of substance abuse history: Substance abuse is overrepresented in 
schizophrenia population (Tandon, Nasrallah et al. 2009). It was demonstrated 
that substance abuse leads to working memory impairments by reducing the use 
of appropriate strategies in order to attain a goal (Potvin, Pampoulova et al. 2008). 
Yet, others report no effect of substance abuse on cognition (McCleery, 
Addington et al. 2006), and some even propose that cognition would  be  better in 
substance users as it would require better social functioning (Joyal, Hallé et al. 
2003). Nonetheless, a meta-analysis by Potvin, Joyal et al. (2008) showed that 
substance abuse does have an impact on cognitive function, which will depend on 
a number of factors such as age and preferred substance. Therefore, the absence 
of substance abuse was required, to limit its contradictory effects on cognitive 
measures.  
  
-! To have no contraindication for scans: Magnetic resonance imaging (MRI) 
scanning is based, as indicated by its name, on magnetic fields. Simply put, 
imaging is performed by applying an external magnetic field, which aligns the 
“spins”, allowing measurement of the relaxation of hydrogen atoms. Therefore, 
the presence of metal in this scanner would not only create image artefacts, but 
could also harm the participants that have any metal present in the body. The 
participants therefore completed a questionnaire, in order to exclude any 
individuals who had metallic foreign bodies such as a pacemaker, hip 
replacement, or dental implants.  
 
The ethical comity of Regroupement de Neuroimagerie du Québec approved this 
study. All individuals participated in this study voluntarily, signed the consenting form, 
and obtained a financial payment for their participation. 
b) Clinical Evaluation 
Patients underwent the positive and negative syndrome scale (PANSS) evaluation, 
which measures the severity of three different types of symptoms in schizophrenia (Kay, 
Flszbein et al. 1987). As mentioned, those categories are positive, negative, and general 
symptoms. Patients were rated from 1 to 7 on 30 manifestations, with one representing 
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the absence of symptoms. Thus, a high score corresponded to a greater impairment. The 
mean and standard average values are presented in Table I. Finally, the structured clinical 
interview for DSM disorder (SCID) version of the interview was performed by healthy 
subjects, to exclude the possibility that healthy controls presented impairments in those 
areas.  
 
c) Intellectual Testing  
To measure IQ, the Weschler Adult Intelligence Scale, 3rd edition (WAIS-III) was 
administered. It contains seven subtests, rendering it shorter than the original version, but 
still accurate (Pilgrim, Meyers et al. 1999). The subtests include similarity, arithmetic, 
picture completion, block design, digit span, and information, and digit symbol (Pilgrim, 
Meyers et al. 1999). It was developed to assess psychiatric populations (Pilgrim, Meyers 
et al. 1999, Christensen, Girard et al. 2007). As mentioned, patients have trouble 
focusing, and have low sustained attention. Therefore, this version permits the assessment 
of IQ, while limiting the time, and thereby the loss of attentional resources.    
 
Eight controls and six patients were excluded of the study. Five participants were 
excluded because of aberrant segmentation and parcellation in the cortical thickness 
study. Four participants were excluded due to missing performance data. Four other 
participants were excluded due to poor T1 scan quality. Finally, two participants were 
excluded due to missing DWI scans. The remainder of patients and controls were 
matched for age, sex, handedness, years of education, parental socio-economic status, and 











Table I: Socio-demographic and neuropsychological average values (standard 
deviation) of both groups 
 Controls Patients T-test P-value 
 n=15 n=14   
Age 33.47(8.33) 36.86 (6.94) -1.15 0.54 
Gender 10M/5F 9M/5F 0.019 1 0.89 
Handedness 84.76(25.52) 75.75(51.47) 0.58 0.33 
Years of Education 14.17(21.38) 2 12.14(2.23) 1.96 0.46 
Parental Socio-economic status 43.13(22.42)  50.43(15.47) -1.00 0.33 
IQ 105.60(9.92) 96.79(11.92) 2.09 0.65 
PANSS, Negative symptoms - 15.71(3.37) - - 
PANSS, Positive symptoms - 16.07(5.82) - - 
PANSS, General Symptoms - 34.21(4.71) - - 
PANSS, Total - 66 (8.63) - - 
Years of illness - 11.29 (7.13) - - 
CPZ equivalent mg / day - 353.14 (152.23) - - 
n: number of participants; M: men; F:female 
1 Chi Square Test   






2. Cognitive Task 
The experimental task has been described before (Grot, Petel Légaré et al. 2017),  
and is represented in Figure 5. Before scanning procedures, participants had a 4-minute 
training, with 3 trials per condition in order to get familiarized with the task. The task 
consisted of 6 blocks of 15 trials, with each condition presented in 5 successive trials. In 
each trial, presentation of the stimuli lasted 3 seconds (encoding phase). The target 
display presented 3 words and 3 spatial locations represented by an ellipse. There was a 
possibility of 12 spatial locations, spread in the same manner as numbers on a clock. The 
words were coloured, and an identical colour ellipse represented their spatial positions. 
Participants were asked to remember the association between words and their respective 
spatial position. The encoding phase was followed by a 10-second maintenance phase 
during which there was a fixation cross. A white word was then presented in one of the 
12 possible spatial locations for 5 seconds (retrieval phase), and participants had to 
determine whether this combination was presented previously or not. A word presented 
in the adequate spatial location, meaning that the association was presented during the 
encoding phase, would consist of a hit. On the other hand, an association composed of an 
inadequate word or an inadequate position would consist of a lure. Therefore, it was 
crucial for individuals to remember the words, the spatial location, as well as their 
appropriate association. Importantly, during the retrieval phase, a white target was used, 
as performance is based on capacity to remember spatial location and words, it was thus 
necessary to limit the reliance of colour recognition. Finally, a 10-second interval was 
allowed between trials. 
Participants were instructed to associate three words with three spatial locations 
according to two conditions. In the active condition, the words were centrally presented 
and were separated from the ellipses. Therefore, participants needed to mentally associate 
the words with their corresponding colour matching ellipse (e.g. green word would be 
associated with the green ellipse). On the other hand, in the passive condition, the three 
words and spatial locations were already associated (e.g. the red words would already be 
in the red ellipse). During retrieval, a white word was presented within a white ellipse, 
and participants needed to determine if this association was presented during encoding. 
Therefore, both the active and passive condition required the maintenance of the 
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association of the spatial and the verbal information. Yet, encoding differed, as the active 
binding condition would require adequate manipulation of information.  
Verbal and visuospatial associations were used in order for the task to depend on 
the episodic buffer, as described by Baddeley’s model. As mentioned before, both 
Baddeley and Cowan agree that one can hold about four “chunks” of information in 
working memory. Still, participants had to remember only three associations in order to 
limit the effect of reduced verbal and visual memory capacities in the patient population 
(Gold, Wilk et al. 2003, Luck and Vogel 2013). Moreover, the words were not 
semantically related, and chosen from a standardized list (Ferrand, New et al. 2010). For 
example, no phonologically analogous words were used, as similar sounding words are 
harder to remember (Baddeley 1966). Moreover the absence of semantic links was 
crucial as a meaningful list of words (e.g. sentence) is easier to remember  (Baddeley 
2010). All words were made up of two or three syllables, because as mentioned, word 
length has an influence on maintenance, with longer words reducing memory, due to 
decreased rehearsal capacity (Baddeley 2000). Furthermore, no emotional words were 
included, as the effect of emotional content on binding is controversial, some studies 
showing increased binding, while others showing decreased binding (Mather 2007). The 
task was presented by the E-prime software (version 2, Psychology Software Tools), and 
projected during the MRI scan.  
Finally, the participants also performed another task. In that task, participants had 
to remember three words, and three spatial conditions, but did not have to remember their 
association. During the recognition task, a separate word and spatial position were 
presented, and participants had to determine if they were presented previously. This 
condition was part of the original fMRI study, as it included the same amount of 
information, but did not require their association. One could therefore imply which 
regions were linked to simple associative memory specifically, by contrasting the passive 
and separate condition. However, as mentioned, patients are mostly deficient executive, 
and manipulative processes, which is related to a prefrontal dysfunction. Moreover, as 
our current study is based on anatomical value, and we cannot infer which regions are 
activated during the separate task. Consequently, for the purpose of this study, we will 
use the passive binding condition as the control condition.  
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3. Data Acquisition 
 
Data acquisition was performed in two separate sessions. First the 
neuropsychological, demographic, and clinical values were acquired at the IUSSM or at 
the Unité de Neuroimagerie Fonctionnelle (UNF). Patients were tested on the values 
presented above by an IUSSM assistant. On the other hand, Stéphanie Grot performed the 
tests with healthy controls. The second sessions were conducted at UNF, where 
participants completed the behavioural task during fMRI scanning.  
a) Scanning Procedures 
!
Scanning was performed with an MRI Siemens 3 Tesla at UNF. After completion 
of the task T2, T1 and DWI were acquired. For the purpose of this study, only the two 
latter will be exposed.   
T1 scans are 3D anatomical images. T1 scans were acquired with a 1x1x1 mm3 
resolution and 176 slices. An echo-planar (EP) sequence was used, with an 
Anterior>>Posterior (A>>P) encoding phase. The time of repetition was 22 ms, the time 
of echo was 9.20 ms, and the bandwidth was 1628 Hz/Px.  
The DWIs were acquired with spin echo EP imaging in a 2x2x2 mm3 resolution 
and 65 slices. Two b0 images (no diffusion gradient applied) were also obtained. Those 
were acquired with opposed encoding phase of A>>P and P>>A. Finally, a DWI was 
obtained with a b-value of 1000s/mm2, and 64 directions, as well as one slice with no 
diffusion gradient. The b-value represents the strength and the timing of the gradients. A 
higher b-value will create more diffusion, but will decrease the signal to noise ratio. A 
1000s/mm2 b-value is often chosen for brain diffusion imaging (Kingsley and Monahan 
2004, Descoteaux and Poupon 2012). Echo spacing for all DWI was 0.69 ms, with an EPI 





4. Anatomical Analysis 
a) Diffusion-Weighted Imaging  
Pre-processing 
!
FSL (version 5.0.9) was used in order to minimize two main effects caused by 
echo-planar imaging: susceptibility-induced off-resonance field, and eddy currents 
(Woolrich, Jbabdi et al. 2009, Jenkinson, Beckmann et al. 2012).  
  First the susceptibility-induced off-resonance field was estimated, and then 
corrected by top-up (Andersson, Skare et al. 2003, Smith, Jenkinson et al. 2004). 
Susceptibility distortions usually happen at tissue junctions (e.g. between white and gray 
matter). Indeed, one of the problems arising in echo-planar images, is that distortions 
occur between tissues having different magnetic properties, which can then result in an 
altered diffusion tensor map (Andersson, Skare et al. 2003). One can correct those 
artefacts in pre-processing, as the same subject has more than one scan, and those 
susceptibility-induced field will be constant for the same subject. Therefore, it is possible 
to estimate those distortions, and correct them to obtain a non-distorted image. The 
susceptibility induced off-resonance field was thus estimated with the b0 images using 
the top-up command in FSL. The first b0 was extracted from our original diffusion-
weighted data, and merged with the two b0 volumes acquired with negative-encode blips 
(A>>P) in the y direction, and positive-encode blips in the y direction (P>>A). This 
allowed us to have two distortions of identical magnitude, but in opposing directions 
(Andersson, Skare et al. 2003). By providing the acquisition parameters for all images, 
top-up was able to estimate the susceptibility-induced field. The encoding phase, the echo 
spacing (0.69 ms), as well as the EPI factor (96) was provided for each image. 
Susceptibility field estimation was accomplished by finding the volumes which will 
maximize the similarity between images, using the sum-of-squared difference between 
the image (Andersson, Skare et al. 2003). The estimation of the distorted magnetic field 
map was then applied to our original data in order to render an undistorted image. 
Moreover, top-up not only estimated the induced field, but also corrected possible subject 
movements during the acquisition. Indeed, as diffusion scanning is quite a long process, 
movement from the subject was almost unavoidable. All induced field maps files were 
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manually inspected. When there was inappropriate brain extraction, the mask was 
modified using the robust BET extraction tool in FSL (Smith 2002).  
  Second, eddy currents were corrected using the eddy tool (Andersson and 
Sotiropoulos 2016). When diffusion gradients are changing, local electric currents are 
generated. This phenomenon is called eddy current induced off-resonance field 
(Andersson and Sotiropoulos 2016). Those eddy current can then interfere with the 
gradients that are used for the spatial encoding (Jones and Cercignani 2010). This is a 
problem particularly in diffusion imaging, as the gradients are on for a very long time, 
which means that the rising and falling part of the gradients are separated in time, and 
cannot compensate for each other (Jones and Cercignani 2010). Eddy tool uses the top-up 
susceptibility distortion field map, as well as a non-distorted (b0) mask, separating brain 
from non-brain image, and corrects for the eddy currents. The acquisition parameters also 
need to be provided as well as the bvecs and the b-values. The bvecs values represent the 
vectors in the (x,y,z) planes of each direction acquired, while the b-values represent the 
gradient value applied in each direction (here 1000 s/mm2). FSL pre-processing is 
advantageous, as eddy corrects the susceptibility distortion and the eddy currents, which 
means that there is only one DWI resampling (Andersson and Sotiropoulos 2016).  
Deterministic Tractography 
 
MedInria (version 2.2.3) (https://med.inria.fr/) was used in order to conduct 
deterministic tractography. The diffusion image corrected for eddy current and 
susceptibility-induced field was used, as well as the rotated bvecs. Those bvecs were 
used, as during pre-processing, the DWI was corrected for artefacts and movement, and 
corrected bvecs account for those changes (Jones and Cercignani 2010). The diffusion 
tensor field was estimated from the DWI and the bvecs. The fibres were reconstructed 
using tractography by extracting the preferred direction of water diffusion (principal 
eigenvalue) at each voxel, and a coloured FA scalar red-green-blue map was created. 
In order to have an adequate tractography, a number of parameters were set. The 
diffusion tensors were extracted, voxel by voxels using the default 0.2 FA threshold, as it 
was shown as an optimal value to extract fibres (Taoka, Morikawa et al. 2009). Log-
Euclidean metric method was used to smooth tensors (Toussaint, Souplet et al. 2007). 
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Smoothing value was set at 0.2, as it is the value used continuous fibre reconstruction 
(Thomas, Eyssen et al. 2005, Fillard, Pennec et al. 2007, Schlaug, Marchina et al. 2009). 
This value (from 0 to 1), determines how much the fibre can deviate from the tensor, and 
a higher value allows less deviation from the tensor (Toussaint, Souplet et al. 2007). 
Smoothing is important as it increases the signal-to-noise ratio, creating a normalized 
distribution data (Jones and Cercignani 2010). Finally, a minimum fibre length of 10 mm 
was required in order to be included in the reconstruction (Schlaug, Marchina et al. 
2009).  
All tracks were reconstructed manually by me, by using a two region of interest 
(ROI) method using the “AND” function. The ROIs for each fibre track are presented 
below. Only tracks passing by both ROIs were included. All tracks were then visually 
inspected to determine if they followed known anatomy. Out of place fibres were 
removed using the “bundling box” tool. The bundling box is a cube that can be moved 
and adjusted to any size, allowing the real time 3D cropping of fibres (Toussaint, Souplet 
et al. 2007). Therefore, outlier fibres were deleted using the bundling box, and the 
“ADD” button. Most of the deleted fibres were part of the corticospinal track, as well as 
fibres crossing to the opposite hemisphere. The FA values were extracted for each 
reconstructed fibre.  
In order to control for possible bias, and validate the reproducibility of the ROI 
methodology, inter-rater and intra-rater reliability coefficients were calculated. Five 
random participants were selected, and all fibres were replicated 3 times by me. Intra-
rater correlations were all greater than 0.8. To calculate inter-rater correlations, a second 
experimenter, Myrika Néron, also replicated all the fibres in those participants. All inter-
rater correlations were greater than 0.8.  
Finally, as an exploratory analysis, the laterality of each fibre was calculated using 
the formula below. This formula has been applied in many DWI studies (Powell, Parker 
et al. 2006, Vernooij, Smits et al. 2007, de Schotten, Dell'Acqua et al. 2011, Fernández-
Miranda, Wang et al. 2015). 
   
Laterality index (LI) = (L-R)/(R+L) 
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Where L represents the left FA of the fibre, and R represents the right FA of the fibre. 
A positive value represents a left greater than right fibre. On the other hand, a negative 
value represents a right greater than left fibre. Moreover, a value of zero represents a 
symmetrical distribution of the fibre. FA values were used, as it was shown that the 
functional lateralization correlates with the fibres’ microstructural arrangement (Powell, 
Parker et al. 2006, Vernooij, Smits et al. 2007, Catani and de Schotten 2012). The ROI 
methodology will be exposed below. 
 
Uncinate Fasciculus: The methodology described by Wakana, Caprihan et al. (2007) 
was used. Coronal slice location was determined by the most posterior slice where the 
temporal and frontal lobe are separated (Wakana, Caprihan et al. 2007). In order to find 
this slice, the DWI image was used. Then, the FA scalar map was used to draw the ROI. 
The first ROI included the temporal lobe (Blue, Figure 6). The second ROI included the 
projection to the frontal lobe (Purple, Figure 6). This was performed for every patient, 
and for the left and right hemispheres. The left 3D reconstructed UF fibre is presented in 
Figure 7. 
 










Superior Longitudinal Fasciculus (SLF): Before describing the methodology used for 
SLF reconstruction, it is important to comment on the differences in the literature 
regarding its construct. The SLF is thought to involve the fronto-parietal connections as 
mentioned, but some authors also include a temporal connection. This is represented by 
the arcuate fasciculus (AF) (Catani and de Schotten 2012). Furthermore, a number of 
publications use the words arcuate fasciculus and SLF interchangeably, yet it does not 
represent accurately the anatomy (Dejerine and Dejerine-Klumpke 1895, Catani and de 
Schotten 2012). Indeed, even if the arcuate is only a part of the SLF, their names are 
sometimes used as synonyms (Wassermann, Makris et al. 2016). This study will base 
itself on the definition of Makris, Kennedy et al. (2005), which separates the SLF in four 
components, the SLF I, SLF II, SLF III, and the arcuate fasciculus. We define the SLF as 
the frontal-parietal connection, which includes the arcuate fasciculus’s temporal 
projections.   
 
SLF: The ROI methodology used was previously described by Wakana, Caprihan et al. 
(2007). In order to determine the first ROI’s location, the lowest axial slice in which the 
fornix could be identified was found, and the coronal slice was determined as the middle 
of the posterior limb of the internal capsule (Wakana, Caprihan et al. 2007). The green 
triangular shape represents the SLF, and the ROI encompassed it as well as its projections 
(Yellow, Figure 8). The second ROI involved finding the coronal slice that is at the 
splenium of the corpus callosum. The ROI is shown Figure 8 (Purple) (Wakana, Caprihan 
et al. 2007). The left 3D reconstructed SLF fibre is presented in Figure 9. 
 
Figure 8: ROIs Used to Reconstruct the Left SLF  
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Arcuate Fasciculus: The AF connects the inferior frontal gyrus to the middle and 
posterior part of the superior temporal gyrus (Wassermann, Makris et al. 2016). Temporal 
projections were extracted by using the first SLF ROI, and by including only temporal 
projections using the bundling box. This analysis was added, in order to make sure that a 
possible effect is due to the frontal-parietal circuit, and not the temporal connection. The 
left 3D reconstructed arcuate fibre is presented in Figure 10. 
 

























SLF II: The frontal-parietal connection is composed of three fragments, SLF I, II, and III 
(Wassermann, Makris et al. 2016). The SLF II is of particular interest in this study as it 
connects the inferior parietal lobule to the lateral aspect of the superior, middle frontal 
gyrus, thereby connecting the parietal and dorsolateral prefrontal cortex (Catani and de 
Schotten 2012, Wassermann, Makris et al. 2016). The SLF II was extracted using the 
method described by de Schotten, Dell'Acqua et al. (2011). The first ROI was determined 
by selecting the middle frontal gyrus of the coronal slice at the anterior commissure 
(Yellow, Figure 11). The second ROI was determined by selecting the parietal lobe of the 
coronal slice at the posterior commissure (Red, Figure 11). All temporal projections were 
excluded. The left 3D reconstructed SLF II fibre is presented in Figure 12.  
  
















b) Cortical Thickness Analysis 
In order to determine whether white matter alterations correlated with cortical 
thickness alterations, a cortical thickness study was conducted.  The T1 anatomical MRIs 
were submitted to CIVET, a fully automated pipeline 
(http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET), in order to extract cortical 
thickness values. This protocol has been described previously (Zijdenbos AP 2002, Ad-
Dab’bagh 2006). First, the T1 images were registered from a native to a standard 
stereotaxic space (MNI ICBM152 model) using a 9-parameter non-linear/affine 
registration, and corrected for signal intensity non-uniformities (N3 distance = 75) 
(Collins 1994, Sled, Zijdenbos et al. 1998, Fonov, Evans et al. 2009). Tissue 
classification of white matter (WM), gray matter (GM), and cerebrospinal fluid (CSF) 
was then computed (Zijdenbos, Forghani et al. 1998), accounting for partial volume 
effects (Tohka, Zijdenbos et al. 2004). Surfaces were extracted by computing boundaries 
between the GM and the WM (WM surface), and between the GM and the extra-cortical 
CSF (GM surface) for each hemisphere (MacDonald, Kabani et al. 2000, Kabani, Le 
Goualher et al. 2001, Kim, Singh et al. 2005). Each obtained surface was composed of 
81,920 triangles and 40,962 vertices (Makowski, Bodnar et al. 2016). The cortical 
thickness maps were then extracted by estimating the distance in mm, between the WM 
and GM surfaces retransformed into their native space (Ad-Dab’bagh 2005, Lerch and 
Evans 2005). The cortical thickness maps were smoothed using a 30 mm kernel, as it has 
been shown to be the optimal level (Boucher, Whitesides et al. , Lerch and Evans 2005, 
Makowski, Bodnar et al. 2016).   
Finally, as an exploratory measure, the asymmetry values of each vertex were also 
computed. As the same template is used for the registration of both left and right 
hemisphere, it is possible to assign each vertex to a corresponding one in the other 
hemisphere (Lyttelton, Karama et al. 2009). Therefore, from the plane x=0, each 
repositioned native vertex from the right hemisphere was subtracted from the 
repositioned native vertex of left hemisphere, in order to give a native space 
asymmetrical vector value (Lyttelton, Karama et al. 2009). Asymmetry was calculated for 
each native space vertex as the log-transformed ratio of left over right surface area 
(Lyttelton, Karama et al. 2009).   
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All scans were individually checked after being submitted to the quality control 
(QC) pipeline in order to determine if there were or aberrant cortical thickness or brain 
extraction, which lead to the exclusion of 4 healthy controls, and one patient due to 
inaccurate parcellation and brain extraction.  
c) Statistical analysis  
Performance 
!
Statistical analysis was performed with Statistica 6.0 
(http://www.statsoft.com/Products/STATISTICA/Product-Index). For cognitive task 
analysis, binding performance was estimated with the two-high threshold model 
(Snodgrass and Corwin 1988). This model estimates recognition performance by 
subtracting the false alarms (FAL)3 from the hits (Pr = H-FAL).  A hit refers to the 
accurate recognition of a target that was presented during the encoding phase (e.g. word 
in the appropriate spatial location). On the other hand, a false alarm refers to incorrect 
identification of a target that was not presented during the encoding phase (e.g. word in 
an inappropriate location). This model is useful as it allows the measurement of 
recognition capacities, while controlling for response bias (Snodgrass and Corwin 1988). 
Response bias is the tendency of participants to favour a response over another 
(Macmillan and Creelman 1990). For example, when individuals were asked if the 
association was presented during encoding, participants could have favoured the “yes” 
answer over the “no” answer, leading to a response bias. Therefore, the Pr value was 
calculated for each participant in each condition.  
Task performance difference between groups was then calculated using repeated 
measures analysis of variance (ANOVA). Binding conditions (passive and active 
binding) were used as within-group factors, while groups were used as between-group 
condition (schizophrenic patients, healthy controls). The sphericity assumption was 
checked for all conditions. Newman-Keuls (NK) tests were used for Post hoc tests when 
necessary. Finally, the modified FDR method described by Narum (2006) was used to 
control for multiple comparison. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 FAL is used in order to avoid confusion with the abbreviation of fractional anisotropy (FA) 
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Finally, passive binding (Bp) was subtracted from active binding (Ba) in order to 
extract a value (BaBp). This value is thought to represent the executive and manipulation 
function, as binding is subtracted leaving the “active” part of the task. According to our 
hypothesis this value would represent the key function in which the patients are impaired.  
 
Diffusion Tensor Imaging 
!
 FA values were extracted from the four fibres presented above. Repeated-
measures ANOVA were used in order to calculate group differences. Lateralization 
conditions (left and right FA) were used as within-group factors, while groups were used 
as between-group condition (schizophrenic patients, healthy controls). Pearson 
correlations between tasks (Ba, Bp, BaBp) and FA values by groups were calculated. The 
BaBp contrast was considered as a separate analysis for the multiple comparison 
corrections, as it represents a process that is part of active binding.  
Finally, an exploratory analysis was performed to determine if the lateralization of 
the fibres is altered in patients. A one-way ANOVA was used for group differences. 
Pearson correlations by groups were used to determine if there is a link between the 
performances and the lateralization index.  
 
Cortical Thickness Analysis 
!
 Cortical thickness group differences were computed with MATLAB SurfStat 
toolbox (http://www.math. mcgill.ca/keith/surfstat). A general linear model was created 
using Y= 1 + Group, and tested in the contrast controls>patients and controls<patients. 
No other covariates were added as groups were matched. This resulted in a t-map, and 
possible significant clusters and peaks were extracted using the corrected threshold, 
random field theory (RFT), with an alpha value of 0.05. Results were projected onto a 
high-resolution average surface, with midline mask excluding the cerebellum and the 
brain stem. 
Moreover, an exploratory analysis using the same general linear model was 
performed to detect asymmetrical group differences. As for cortical thickness values, 
! 86 
some variables have an effect on asymmetry, such as handedness and gender (Lyttelton, 
Karama et al. 2009), yet  it was not controlled for in the model as groups are matched. 
Finally, the highest t-value of significant clusters was located in the contrast control> 
patients. A 10 mm radius ROI was extracted. Finally, this value was correlated to fibres, 




1. Binding Performance 
!
 The analyses revealed no significant group effect (F (1,27) = 2.69, p = 0.11, η2= 
0.09), but a significant condition effect (F (1,27) = 14.32, p = 0.001, η2= 0.35), with 
lower performance for the active binding condition relative to the passive binding 
condition. More importantly, the interaction Group x Condition was significant (F 
(1,27)=4.74, p=0.038, η2= 0.14). NK post hoc tests showed that patients perform 
significantly worse on the active compared to the passive binding task (p=0.008), unlike 
controls who performed equally for both binding conditions (p=0.50). In addition, while 
the two groups exhibited equal performance for the passive binding condition (p = 0.65), 
patients performed significantly worse than controls for the active binding condition (p 
=0.02).  
Figure 13: Performance (Pr value) by Group for the Active and Passive Binding 
Condition  
 Behavioural performance for both groups is shown with the mean Pr (H-FL). The 
asterisk (*) illustrates significant group differences (p = 0.02), while the error bars 
represent standard errors.  
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2. Diffusion-Weighted Imaging Results 
 
The FA average values of all isolated fibres, as well as their standard deviations 
are presented in Supplementary Table I. Moreover, the LI average values of all isolated 
fibres as well as their standard deviations are presented in Supplementary Table II.  
a) Whole fibres:  
!
Uncinate Fasciculus 
Group comparison for both hemispheres: Repeated-measures ANOVA showed 
no group effect (F (1,27)=0.865; p=0.36; η2=0.03). Yet, a laterality effect was observed 
(F (1,27)=9,165; p=0,005; η2=0.25), with the left UF significantly smaller than the right 
UF in patients (p=0.01), while it was equal in controls (p=0.51). Finally, the interaction 
Group X Laterality was not significant (F (1,27)=2.10; p=0.16; η2= 0.07). 
 
Pearson Correlations: No significant correlations were found between the tasks 
and bilateral UF FA in both groups (all p>0.05, after correction) (see Tables II and III). 
 
Superior Longitudinal Fasciculus 
Group comparison for both hemispheres: Repeated-measures ANOVA showed 
no group effect (F (1,27)=2.41; p=0.13; η2= 0.08), or laterality effect (F (1,27)=2.18; 
p=0.15; η2=0.08). Finally, the interaction Group X Laterality was not significant (F 
(1,27)=0.32 p=0.57; η2=0.012).  
 
Pearson Correlations: No significant correlations were found between the tasks 






Table II: Pearson Correlations Between the Tasks Performances and the FA Values of 












Table III: Correlations Between the BaBp contrast and the FA Values of the UF and 
SLF Fibres 
 Controls Patients 
 BaBp Contrast BaBp Contrast 
Left UF FA r=0.08, p=0.78 r=0.16, p=0.58 
Right UF FA r=-0.02, p=0.93 r=0.14, p=0.63 
Left SLF FA r=-0.13, p=0.63 r=0.25, p=0.39 


























































Exploratory Analysis: Laterality index 
Group comparison: One-way ANOVA showed no group difference for the UF 
LI (F (1,27)= 2.14; p=0.16; η2=0.07), and the SLF LI (F (1,27)=0.35; p=0.56; η2=0.01) 
Pearson Correlations: No significant correlations were found between the UF LI 
and all tasks for both groups (all p> 0.05, corrected). A significant positive correlation 
was observed between the BaBp condition and the SLF LI in the patient group (r=0.63, 
p=0.015, corrected), but not in the active binding condition (r=0.60; p=0.024, corrected)4. 
Conversely, no significant correlations were found between the active binding 
performance, or the BaBp condition, and the SLF LI in the control group (all p>0.05, 
after correction). Finally, no correlations between the SLF LI and the passive task were 
observed in both groups (all p>0.05, after correction) (Table IV and V). 
 
Table IV: Pearson Correlations Between the Tasks Performances and the LI Values of 







Table V: Pearson Correlations Between the BaBp contrast and the LI Values of the UF 
and SLF Fibres 
 Controls Patients 
 BaBp Contrast BaBp Contrast 
LI UF r=0.96, p=0.74 r=0.02, p=0.95 
LI SLF r=-0.32, p=0.25 r=0.63, p=0.02* 
* Significant correlations corrected FDR 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 Three decimals are shown  for the p-value instead of two for both Ba and BaBp task to 
demonstrate why BaBp is significative, but not Ba  





























b) SLF Subcomponents 
! !
As the SLF is comprised of both temporal and parietal connections, an analysis was 
conducted to determine if the possible observed effects were due parietal or temporal 
connections.  
 
SLF II:  
Group comparison for both hemispheres: Repeated measures ANOVA showed 
no group effect (F (1,27)=1.76; p=0.20; η2=0.06), or laterality effect (F (1,27) =2.80; 
p=0.11; η2=0.09). Finally, the interaction Group X Laterality was also non-significant (F 
(1,27)= 0.46 p=0.50, η2=0.02).  
  
Pearson Correlations: No significant correlations were observed, in both groups, 
between all task performances and the SLF II FA of both hemispheres (all p>0.05, after 
correction) (see Tables VI and VII). 
 
Arcuate Fasciculus:  
Group comparison for both hemispheres: Repeated-measures ANOVA showed 
no group effect (F (1,27)=0.66; p=0.42; η2=0.02), or Laterality effect (F 
(1,27)=3.68,p=0.07; η2= 0.12). Finally, the interaction Group X Laterality was not 
significant (F (1,27)= 0.221 p=0.642; η2= 0.01). 
 
Pearson Correlations: No significant correlations were observed, in both groups, 
between all task performances and the arcuate fasciculus FA of both hemispheres (all 





Table VI: Pearson Correlations Between the Tasks Performances and the FA Values of 













Table VII: Pearson Correlations Between the BaBp contrast and the FA Values of the 
SLF II and Arcuate Fibres 
 Controls Patients 
 BaBp Contrast  BaBp Contrast 
Left SLF II FA r=0.26, p=0.36 r=0.54, p=0.05 
Right SLF II FA r=0.24, p=0.38 r=-0.29, p=0.31 
Left Arcuate FA r=-0.31, p=0.26 r=0.17, p=0.57 




























































Exploratory Analysis, Laterality index: 
 Finally, as the SLF leftward asymmetry is related to the executive aspect of the 
task (BaBp) in patients, LI subcomponents were also computed. This was performed in 
order to determine which part of the fibre is responsible for the observed correlation. 
Group comparison: One-way ANOVA showed no group difference between the 
SLF II LI (F (1,27)= 0.43, p=0.52; η2 =0.02), and the arcuate fasciculus LI (F (1,27)=-
0.55; p=0.47; η2= 0.02) 
 Pearson Correlations: No correlations between the passive binding, and active 
binding task and the LI were observed in the patient group (all p>0.05 after correction). A 
significant positive correlation was found between the BaBp contrast (r=0.63, p=0.016, 
corrected) and the SLF II LI in patients. On the other hand, no significant correlations 
were observed between all tasks and the SLF II LI in controls (r=0.02, p=0.96). Finally, 
no correlations were observed between all tasks and LI of the arcuate fasciculus for both 
groups  (all p>0.05, after correction) (See Table VIII and IX) 
Table VIII: Pearson Correlations Between the Tasks and the LI Values of the SLF II and 








Table IX: Pearson Correlations Between the Tasks and the LI Values of the SLF II and 
Arcuate Fibres, BaBp Contrast 
 Controls Patients 
 BaBp Contrast BaBp Contrast 
LI SLF II r=0.02, p=0.96 r=0.63, p=0.02* 
LI Arcuate r=0.10, p=0.71 r=-0.02, p=0.93 
* Significant correlations corrected FDR 


























3. Cortical Thickness 
 
Group differences 
 A whole brain analysis was performed. Figure 14 shows a t-value map in the 
Controls>Patients contrast. A positive t-value refers to an area in which controls have a 
greater cortical thickness than patients. However, no significant group difference in 
cortical thickness was observed (p>0.05, RFT). This goes in line with the absence of 
group differences in all the fibres analyzed during our DWI study.   
 





Exploratory Analysis: Asymmetry  
As for the exploratory analysis, a cortical thickness asymmetry study was 
performed with an alpha value of 0.05, RTF.  A significant cluster was identified in the 
Control>Patient contrast, measuring 1601 vertex, with p=0.04 (Figure 15). This region 
was located in the prefrontal cortex, and presented a greater leftward asymmetry in 
controls compared to patients. No significant cluster presented a greater right than left 
asymmetry for this contrast. Naturally, the identical cluster was significant for the 
Patient>Control contrast, in which patients had a greater right than left asymmetry of that 
region.   
Figure 15: Cluster Representing the Area in which Controls have a Greater Leftward 
Cortical Thickness Asymmetry than Patients.  
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The peak with the highest t-value (t=3.44) was extracted from this significant 
cluster, with MNI coordinates of (-45.9, 34.7, 30.2). According to the AAL atlas, this 
corresponds to the left middle frontal gyrus (MGF). Values were extracted by using a 
circular 10 mm radius mask.  
Group comparison: ROI group difference was confirmed using One-Way 
ANOVA (F (1,27)=10.38, p=0.003, η2=0.28). 
Pearson Correlations: A significant positive correlation between the BaBp value 
and the MFG asymmetry values (r=0.64, p=0.01, corrected) was observed in controls, 
while it was non-significant in the patients group (r=0.49, p=0.08) All other correlations 
were non significant (all p>0.05, after correction) (See Table X and XI). 
Table X: Pearson Correlations Between Asymmetry Values of the MFG ROI and Task 
for both Groups.   
 Passive Binding Active Binding 
Controls r=0.22, p=0.43 r=0.56,p=0.03 
Patients r=0.42 p=0.14 r=0.54, p=0.04 
 
Table XI: Pearson Correlations Between Asymmetry Values of the MFG ROI and BaBp 
Contrast for both Groups.   
 BaBp 
Controls r=0.64, p=0.01* 
Patients r=0.49, p=0.08 
* Significant correlations corrected FDR 
Finally, as the SLF connects the middle frontal gyrus, correlations between the 
asymmetry index of the SLF and SLF II and the ROI were computed, to determine if the 
white matter correlated with the cortical thickness. No significant correlations were 
observed (Supplementary Table III).    
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Discussion 
1. Summary of Results 
!
The goal of this study was to investigate whether anatomical modifications could 
be responsible for the specific active binding impairment previously observed in 
schizophrenia (Grot, Petel Légaré et al. 2017). Using a subgroup of that article’s 
participants, our results showed that, at a performance level, active binding was still 
specifically impaired in schizophrenic patients, while passive binding was spared (Grot, 
Petel Légaré et al. 2017). As for anatomical correlates, our main hypotheses were not 
confirmed by this study. Indeed, no alterations of the bilateral UF, the bilateral SLF, or 
any of its subcomponent were observed in patients with schizophrenia compared to 
healthy controls. Moreover, no significant correlations were observed between any of the 
fibre track studied and the task performance for both groups.  
 On the other hand, our exploratory studies revealed interesting results. Although 
there were no integrity alterations of both the UF LI and SLF LI in schizophrenic patients 
compared to controls, there was a relationship between the degree lateralization and task 
performance. Indeed, patients with a greater SLF leftward lateralization performed better 
in the executive aspect of the active binding task. Furthermore, in order to distinguish 
between parietal and temporal projections influences, the SLF II, connecting the DLPFC 
and the parietal cortex, as well as the arcuate fasciculus, connecting the prefrontal to the 
temporal cortex, were isolated. Once again, no alterations of the arcuate fasciculus or 
SLF II LI were observed in patients compared to controls, yet, patients presenting greater 
leftward lateralization of the SLF II performed better in the executive aspect of the active 
binding task. On other hand, our results showed that lateralization of the arcuate 
fasciculus did not have an influence the executive aspect of the active task, suggesting 
that the leftward prefrontal-parietal lateralization is specifically related the executive 
aspect of the active task in the patient group. Finally, no correlation between any 
lateralization values and task performances were observed in the control group. 
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As for our cortical thickness study, no group differences were observed, yet 
exploratory analyses yielded interesting results. The control group had a greater left than 
right MFG cortical thickness than the patient group. Moreover, a greater left than right 
cortical thickness in this region was related to a better performance in the executive 
aspect of the task in the control group, but not in the patient group. Our results will be 
discussed below. 
2. Specific Active Binding Deficit in Schizophrenia 
!
Our results replicated previous findings suggesting that patients have a specific 
active binding deficit, while passive binding is spared (Luck, Danion et al. 2010, Grot, 
Potvin et al. 2014). Indeed, patients performed significantly worse in the active task 
compared to the control group. On the other hand, both groups performed equally in the 
passive binding condition. This result is not surprising as our population is a subgroup of 
our previous study (14 of the 19 patients, and 15 of the 23 controls used in the previous 
study). However, it was essential to verify the survival of this group difference, owing 
that a number of participants were excluded. The specific active binding deficit observed 
goes in line with the meta-analysis results, as well as other studies stipulating that passive 
binding processes are spared in schizophrenia (Luck, Danion et al. 2010, Grot, Potvin et 
al. 2014). On the other hand, the specific active binding deficit could be due to a number 
of dysfunctional processes, which will be explored below.  
a) Active Binding and Passive Binding in Schizophrenia!
 
A number of processes are required to a greater extent during the active binding 
task compared to the passive binding task. Indeed, active binding requires attentional and 
manipulative processes, as well as encoding strategies, which would be less necessary 
during passive binding (Karlsen, Allen et al. 2010, Grot, Petel Légaré et al. 2017). First, 
encoding strategies would be necessary to a greater extent during the active task than the 
passive task, as an appropriate link needed to be created between the word (e.g. red 
word), and the colour-matched the spatial location (e.g. red ellipse), requiring the 
“colour-matching rule” to dominate. Second, attentional processes would be more 
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necessary in the active task than the passive task. As the words and spatial locations were 
separated in the active binding task, it would require more attentional switching and 
control in order to attend all stimuli (Corbetta, Shulman et al. 1995). Moreover, rule 
implementation, such as “colour-matching rule”, is also moderated by attentional 
processes (Luck and Gold 2008). Third, manipulation would be required in the active 
task, as individuals needed to properly reorganize and associate the appropriate word and 
spatial location in that condition. Conversely, manipulation would not be as crucial in the 
passive task as the words and spatial locations were already associated. Interestingly, all 
those functions have been documented as impaired in schizophrenia (Fioravanti, Carlone 
et al. 2005, Ehrlich, Brauns et al. 2012, Fioravanti, Bianchi et al. 2012, Park and Gooding 
2014). Therefore, a deficit in all or any of those three functions could underlie our 
performance results. 
According to the working memory model proposed by Baddeley and colleagues 
(2011), the integration of association visuospatial and verbal stimuli information would 
occur in the episodic buffer. Thus, as patients do not present a deficit in the passive 
binding condition, this result implies that the episodic buffer function would be spared in 
schizophrenia. Moreover, according to Baddeley’s model, the episodic buffer has a 
passive function, but could also have an active function when controlled by the central 
executive (Baddeley, Allen et al. 2011). Indeed, the passive function of the episodic 
buffer, integrating visuospatial and phonological information, could occur because of its 
link between the two slave systems, and would require the central executive’s control to a 
lesser extent. On the other hand, during the active binding task, the two slave systems, the 
episodic buffer, as well as the control of the central executive would be required. 
Interestingly, manipulative, attentional functions as well as encoding strategies are held 
in the central executive (Baddeley, Allen et al. 2011). Following this logic, if the central 
executive were deficient in schizophrenia, it could underlie the specific active binding 
deficit in schizophrenia observed in this study. Accordingly, numerous studies propose 
that the central executive is specifically impaired in schizophrenia (Leiderman and 
Strejilevich 2004, Barch 2005, Oram, Geffen et al. 2005, Barch and Ceaser 2012). Our 
results support this, as only active binding performance, requiring the control of the 
central executive to a greater extent, is affected in patients with schizophrenia.  
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Nevertheless, it is important to mention that we cannot exclude the involvement 
of the central executive entirely during the passive binding task, as attentional processes, 
which are distributed by the central executive, are necessary to maintain information into 
memory (Gazzaley and Nobre 2012). The distinction between attentional processes 
during the passive and the active binding condition could be explained by a number of 
hypotheses. First, the new model by Baddeley (2012) posits that maintenance of simple 
information could be passive, which goes in line with our results. Indeed, Baddeley 
(2012) argues that tasks such as repeating numbers would not disrupt central executive 
functions, which he argued is due to the task’s low attentional demands. In this view, 
maintenance of already bound information (passive binding) would not require the 
central executive, while complex information requiring manipulation, such as the active 
binding condition, would impose higher attentional demands. Second, applying this result 
to Cowan’s model, patients could be deficient in the control of attention, but not in the 
focus of attention. Indeed, the maintenance of bound information could be spared in 
passive binding, as patients would be able to focus their attention on their internal 
representation. On the other hand, appropriate encoding and maintenance would be 
impaired in active binding, as it would require more attentional control to properly attend 
and associate the words and spatial locations. Third, the specific active binding deficit 
could also be due to impaired control of attention, but spared implementation of attention, 
as hypothesized by Luck and Gold (2008). The spared implementation of attention, which 
is the ability to increase processing of one stimulus while decreasing another, would 
allow patients to maintain the association’s representation in memory during the passive 
task. Conversely, impaired control of attention would lead to inappropriate encoding and 
manipulation during active binding. Taken together, all those hypotheses imply that 
attentional processes such as focusing on simple stimuli would be spared in 
schizophrenia, while the control of attention, which requires more executive processes, 
would be impaired. This could thus contribute to a specific active binding deficit.  
b) Encoding and Maintenance in Schizophrenia 
! !
As mentioned, both encoding and maintenance deficits have been documented to 
contribute to working memory deficits in schizophrenia (Spindler, Sullivan et al. 1997, 
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Kim, Glahn et al. 2004, Lee and Park 2005, Keedy, Ebens et al. 2006, Hahn, Robinson et 
al. 2010, Mayer and Park 2012, Park and Gooding 2014).!The specific active binding 
deficit also suggests that both might contribute to the observed impairment.   
First, maintenance deficits in schizophrenia were hypothesized to be mostly due to 
reduced attentional control, which increases distractibility, and disturbs the focus on 
internal representations (Hahn, Robinson et al. 2010). Patients were able to maintain the 
representation of the association between spatial location and the verbal information in 
memory, as illustrated by the intact passive binding performance. On the other hand, 
patients had a lower performance in the active binding task compared to controls. This 
observed specific active binding deficit would not be due to reduced visuospatial or 
verbal memory in schizophrenia, as the same amount of information needed to be 
remembered in both conditions (i.e. three words and three spatial locations) (Grot, Petel 
Légaré et al. 2017). As both condition required maintenance of bound information (i.e 
word and spatial location), it would be tempting to suggest that the active binding deficit 
is not due to impaired function during the maintenance phase. Yet, we cannot exclude the 
possibility that maintenance is affected, as the cognitive processes behind maintenance of 
actively and passively bound information could be different (Morey 2011). Indeed, 
maintenance requires the ability to focus attentional processes towards internal 
representations, and some studies propose that maintenance of actively bound 
information could demand more attentional processes (Morey 2011). Moreover, 
manipulation of information could occur during the delay, and contribute to the specific 
active deficit, as patients would fail to properly reorganize the information (i.e. 
associating the right word with the appropriate spatial location) (Crone, Wendelken et al. 
2006, Park and Gooding 2014).  
Second, encoding impairments could also contribute to the specific active binding 
deficit. Indeed, the main difference between active binding and passive binding is that 
perceptually, the information is already bound in the latter condition. This difference is 
thus present during encoding, as active binding requires individuals to make the 
association mentally and voluntarily. Therefore, the specific active binding deficit 
observed in patients could imply that the appropriate creation and encoding of the 
association between a word and a spatial location is impaired (Grot, Petel Légaré et al. 
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2017). This initial step could thus underlie the active binding deficit observed in this 
study. This is supported by numerous studies suggesting that working memory 
impairment in schizophrenia is due to inappropriate encoding (Lee and Park 2005, Hahn, 
Robinson et al. 2010, Mayer and Park 2012, Park and Gooding 2014). Nevertheless, it is 
important to mention that as our study focuses on anatomical correlates, it is not possible 
to verify activation failure during the various phases of the binding task. However, we 
propose that the deficit could occur during encoding, and that a possible maintenance 
deficit could also contribute to the impairment, a hypothesis supported by our previous 
study (Grot, Petel Légaré et al. 2017). Indeed, alterations in activation in the patient 
group were observed during both encoding and early maintenance (Grot, Petel Légaré et 
al. 2017).  
In summary, the specific active binding deficit observed in this study is important, 
as it disentangled important aspects of working memory impairments in schizophrenia. 
First, our results support the hypothesis that patients have a deficit in higher cognitive 
processes such as attentional processes, encoding strategies, and manipulation. This has 
been documented before (Barch and Ceaser 2012) in tasks such as updating (Galletly, 
MacFarlane et al. 2007), manipulation (Kim, Glahn et al. 2004), inhibition of distractors 
(Hahn, Robinson et al. 2010, Smith, Eich et al. 2011), and planning (Morris, Rushe et al. 
1995). Second, this specific deficit supports the highly replicated finding of impaired 
encoding in schizophrenia, but could also support possible impaired maintenance in 
schizophrenia, especially as manipulation could occur during this phase. This is in part 
corroborated by our previous study, as altered activation was observed during encoding 
and early maintenance in the patient group (Grot, Petel Légaré et al. 2017). Third, the 
specific active binding deficit also suggests that the main dysfunction could be created by 
the failure of the central executive’s control, and not the episodic buffer. This might 
explain why there was no effect of the prefrontal-temporal network on performance, as 
the central executive, represented by the prefrontal-parietal network, would be mostly 
responsible for this deficit. Indeed, it is hypothesized that the prefrontal-parietal network 
is related to a number of processes held by the central executive (Wager and Smith 2003, 
Rottschy, Langner et al. 2012). Accordingly, our exploratory studies yielded interesting 
results supporting both Baddeley’s working memory model, as well as an alteration in the 
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prefrontal-parietal network causing an active binding deficit in schizophrenia. This will 
be described in the next section.  
3. Prefrontal-Parietal Network Leftward Lateralization Contributes to the 
Executive Aspect of the Active Binding Task  
 a) Prefrontal-Parietal Network  
! !
The SLF, and more specifically the SLF II is an important link between the prefrontal 
and parietal cortices (Petrides and Pandya 2002, Catani and de Schotten 2012, 
Wassermann, Makris et al. 2016). We observed that the leftward lateralization values of 
both fibres were related to the executive aspect of the task in patients. The executive 
aspect of the active binding task value was obtained by comparing the two binding 
conditions, and is thought to represent, in part, attentional processes, manipulation, and 
encoding strategies, which are required specifically during the active binding task. Our 
results are interesting as lateralization values are related only to the executive aspect of 
the active binding task, and not to the passive binding task in the patient group. 
Moreover, our results show that this relationship involves the prefrontal-parietal network 
specifically, as illustrated by the absence of correlation between performance on this 
aspect of the task and the arcuate fasciculus LI. Interestingly, the prefrontal-parietal 
network, represented in our study by the SLF and SLF II, is responsible for a number of 
functions held by the central executive, and which we hypothesized to contribute to the 
active binding deficit in the patient group (Wager and Smith 2003, Rottschy, Langner et 
al. 2012).  
The possible altered involvement of this network in the specific active binding deficit 
observed in schizophrenia was also reported by our previous study (Grot, Petel Légaré et 
al. 2017). Indeed, we observed that the posterior parietal cortex and the left frontal cortex 
were hypoactivated in patients compared to controls during encoding. Moreover, altered 
left prefrontal cortex activation during early maintenance was reported in patients. This is 
interesting as those results are in line with our current study, which is composed of a 
subgroup of this study. Indeed, both studies suggest that an alteration of the left 
prefrontal-parietal network could explain the specific active binding in schizophrenia, as 
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illustrated by the relationship between anatomical values of this network (here, leftward 
lateralization of the SLF, and SLF II), and the executive aspect of the task in patients. 
Following this, it would be tempting to suggest that anatomical modifications would lead 
to a disconnection, and create the altered activations observed in our published study. 
Indeed, a recent study showed that there was a correlation between the functional 
activation of parietal and prefrontal regions, and the FA connecting those two regions 
(Olesen, Nagy et al. 2003). Yet, in order to confirm that this applies to our population, it 
would be important to first verify that the same altered activations are found in our 
subgroup, and second, that the anatomical modifications are related to the altered 
activations.  
 
Nevertheless, unlike our previous study, which reported that an alteration of the left 
prefrontal-parietal network was involved specifically in the active binding deficit in 
schizophrenia, our results show that the leftward lateralization of this circuit is crucial for 
the executive aspect of the task. Therefore the possible functional impact of the 
lateralization of this network will be explored below.  
 
b) White Matter: Leftward Lateralization of the Prefrontal-Parietal Network  
!
Our results show that lateralization is especially important during the executive aspect 
of the task. Yet, it is important to mention that a high tendency between the active 
binding task and the leftward lateralization values were also observed in the patient 
group, but it did not survive the multiple comparison corrections. The stronger 
relationship between the executive aspect of the active task, and the lateralization might 
be due to its more focused representation of manipulation, encoding strategies as well as 
attentional processes, which are specifically disturbed in schizophrenia (Fioravanti, 
Carlone et al. 2005, Ehrlich, Brauns et al. 2012, Fioravanti, Bianchi et al. 2012, Park and 
Gooding 2014). Indeed, the prefrontal-parietal network is related to attentional processes 
(Awh, Anllo-vento et al. 2000, Müller and Knight 2006, Sharma, Weisbrod et al. 2011, 
Rottschy, Langner et al. 2012), encoding strategies (Owen, McMillan et al. 2005), as well 
as manipulative processes (Owen, Evans et al. 1996, Smith and Jonides 1999, Wagner, 
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Maril et al. 2001, Wager and Smith 2003, Crone, Wendelken et al. 2006, Park and 
Gooding 2014). As we previously hypothesized, a deficit in one or all of those functions 
could lead to the specific active deficit seen in patients. Therefore, it is possible that 
aberrant SLF and SLF II lateralization might underpin those dysfunctions of 
schizophrenia. Those hypotheses will be discussed below.  
 
Encoding Strategies and Lateralization 
Encoding processes have been documented as lateralized, which could underlie 
the advantage of the SLF and SLF II lateralization. It was observed that verbal and non-
verbal material were encoded differently by the prefrontal cortex (Opitz, Mecklinger et 
al. 2000). In one study, participants had to either judge the loudness of a sound (non-
verbal task), or the verbalization of a sound (verbal task) (Opitz, Mecklinger et al. 2000). 
This was followed by a recognition test. Encoding verbal material elicited left frontal 
hemisphere activity, while the right frontal hemisphere was recruited for non-verbal 
information. This PFC functional lateralization during encoding has been replicated 
numerous times (D'Esposito, Aguirre et al. 1998, Opitz, Mecklinger et al. 2000, Spence, 
Grasby et al. 2000, Walter, Wunderlich et al. 2003, Floel, Poeppel et al. 2004, Angrilli, 
Spironelli et al. 2009). Supporting the SLF preferential left hemispheric involvement 
during verbal tasks, one study showed that verbal working memory task performance 
correlated with the left, but not the right SLF FA in both the control and patient group 
(Karlsgodt, van Erp et al. 2008). Moreover, left SLF FA reduction, but not right SLF FA 
reduction in patients with schizophrenia was linked to their verbal working memory 
deficits (Karlsgodt, van Erp et al. 2008). Finally, in a verbal relational encoding study, 
establishing associative strategies activated the bilateral inferior frontal gyrus, with a 
more important left hemisphere involvement (Addis and McAndrews 2006). This is 
important, as it implies that encoding strategies for verbal information might be 
lateralized to the left.   
In our study, an increased leftward lateralization of the SLF and SLF II was 
related to a better performance on the executive task in the patient group. The leftward 
advantage could be due to the verbal aspect of our task. Indeed, our task contained verbal 
information (words), which would preferentially be encoded by left hemisphere. 
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Moreover, the leftward lateralization could increase the ability to find effective verbal 
encoding strategies (Addis and McAndrews 2006). Therefore, the SLF and SLF II 
leftward lateralization could increase performance on the executive aspect of the active 
binding task, as it would allow proper encoding of the three presented words, as well as 
increase encoding strategies to create an appropriate link with their respective spatial 
positions using the “colour-matching rule”. A reduction of this leftward lateralization 
could lead to a reduced capacity to use the appropriate encoding strategies between words 
and spatial locations. This would lead individuals to hold in an inadequate representation 
in memory, as illustrated by the lower performance of the patients having less SLF and 
SLF II leftward lateralization. Finally, as active binding requires more verbal encoding 
strategies, leftward lateralization of the prefrontal-parietal network would affect to a 
greater extent the active than the passive task performance, as seen with the absence of 
relationship between lateralization values and passive binding task in the patient group. 
Manipulation, Attentional Processes and Lateralization 
  Brain lateralization is thought to be related in part to functional specialization 
(Toga and Thompson 2003). Indeed, the benefit of increased brain lateralization would be 
related to unilateral function, as it would increase efficiency, and reduce interference 
between various processes (Toga and Thompson 2003, Gotts, Jo et al. 2013, Chen and 
Omiya 2014). Accordingly, the advantage provided by an increased leftward asymmetry 
could be due to increased hemisphere specialization (Toga and Thompson 2003, Chen 
and Omiya 2014). Our task involved both visuospatial and verbal information. Moreover, 
the lateralization of the SLF has been linked to visuospatial and verbal processes (Catani, 
Allin et al. 2007, de Schotten, Dell'Acqua et al. 2011, Chechlacz, Gillebert et al. 2015). 
As the SLF seems to be involved in both visuospatial and verbal functions, and that our 
task required both modalities, the lateralization could therefore have a great impact on 
performance, especially during the active task. This hypothesis will be exposed below. 
During the active task, three words and three spatial locations needed to be encoded 
separately into memory, and then appropriate associations would be made through 
manipulative processes, a function held by the prefrontal-parietal network, and 
represented in our study as the SLF and SLF II. An increased lateralization might be 
advantageous in the active task as hemispheric specialization could allow successful 
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separate encoding of verbal and spatial information, which could then be manipulated 
(Quak, London et al. 2015). Therefore, manipulative processes could be improved with 
increased lateralization, as it would allow the distinctive treatment of visuospatial and 
verbal information, thus making the creation of links between the three presented words 
and spatial locations more straightforward. This is illustrated in our results by greater 
performance on the executive aspect of the task with an increased SLF and SLF II 
lateralization in the patient group. On the other hand, the relationship between leftward 
asymmetry of the SLF and SLF II was not found for the passive task in the patient group. 
This could be due to the reduced need of separate verbal and visuospatial information 
encoding. Indeed, the main difference between the two tasks is that the information is 
already integrated in the passive condition (the word is already in its spatial location). 
Thus, this could lead to the spatial and verbal information to be perceived as a whole 
automatically, reducing the need for hemispheric specialization to promote manipulative 
processes (Quak, London et al. 2015). This was suggested in part by a study conducted 
by Prabhakaran, Narayanan et al. (2000). Their task also used verbal and spatial 
information that was presented either as bound (passive binding), or that was presented as 
separated and needed to be associated (active binding). An association of verbal and 
spatial information was then presented, and participants had to determine if they had seen 
it during the encoding phase. The authors observed that participants responded quicker 
and more accurately when information was already bound compared to when it was 
presented separately (Prabhakaran, Narayanan et al. 2000, Quak, London et al. 2015). 
This might suggest that perceptually, participants saw the combined information as an 
integrated whole in the passive condition, while in the active condition, they processed 
the information as two stimuli which then needed to be combined (Talsma 2015). 
Therefore, the increased hemispheric specialization created by lateralization could benefit 
the active task to a greater extent, as manipulative processes are only needed in that 
condition. This goes in line with our results as they suggest that the increased 
lateralization is beneficial for the executive aspect of the active binding task, but not the 
passive binding task in patients.  
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Lastly, the specialization of hemispheres could also benefit attentional processes. 
Attentional processes are related to manipulation, as one of the central elements of 
manipulation is the steady orientation of the attention to internal representation (Park and 
Gooding 2014). Visuospatial attention, and attentional processes are segregated to the 
right hemisphere (Gotts, Jo et al. 2013), and the right lateralization of the SLF II has been 
related to visuospatial attention (de Schotten, Dell'Acqua et al. 2011). Therefore, it is also 
possible that attentional processes are associated with careful circuit lateralization. 
Indeed, increased lateralization of attentional processes could influence the active binding 
task in the same way as manipulation, as attentional focus on internal representation 
would be required for adequate manipulation. Thus, schizophrenic patients might benefit 
of an increased leftward lateralization, as it would properly distribute attentional 
processes between hemispheres.  
Finally, our anatomical results also go in line with the working memory model by 
Baddeley and colleagues (Baddeley, Allen et al. 2011). First, the visuospatial sketchpad 
and the phonological loop are separated subsystems, and lateralization could be important 
for their segregation, as lateralization could increase specialization. Then, integration into 
a coherent whole of visuospatial and phonological information would be performed in the 
episodic buffer, and the additional control of the central executive would be required 
during the active binding task. As hypothesized, the prefrontal-parietal network, 
represented by the SLF II, is related to a number of central executive’s function. This 
goes in line with our results, as the SLF II leftward lateralization is related to the 
executive portion of the active binding task in patients, and that aspect of the task would 
be related to functions held by the central executive. Our result suggests that the SLF II 
leftward lateralization could improve the function of the central executive during the 
active task by promoting either manipulative, attentional, or encoding strategies process, 
or a combination of the three. Furthermore, the observed absence of lateralization effect 
in the passive task in patients also fits with Baddeley’s working memory model. Indeed, 
in the passive binding task, information (here words and spatial locations) would be 
treated by the visuospatial sketchpad and the phonological loop respectively, and 
passively integrated together in the episodic buffer, without the central’s executive 
control. As the two information would require less of the central executive’s control, 
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there would be less benefit of treating the location and word separately. Taken together, 
our results suggest that the SLF and SLF II are related to the central’s executive function, 
and that careful lateralization of this fibre increases its function, thereby benefiting the 
active binding task specifically.  
Nevertheless, it is important to mention that further studies need to be conducted in 
order to determine if encoding strategies, manipulation, and/or attentional are influenced 
by SLF and SLF II lateralization. For example, it would be interesting to determine 
whether the lateralization benefit would be lost if the task involved binding of two stimuli 
from the same modality. Indeed, we argue that the benefit occurs, in part, due to 
visuospatial and verbal specialization during their encoding. Therefore, if both stimuli 
were, for example visuospatial, this advantage could be lost. However, for the purpose of 
this study it was essential to have both visuospatial and verbal information, in order to 
determine if the episodic buffer was altered in schizophrenia. Finally, our white matter 
results link the executive aspect of the active task to the lateralization of the prefrontal-
parietal network. Interestingly, our gray matter results also support the importance of 
leftward lateralization of the prefrontal cortex during the executive aspect of the task.  
They will be exposed below.  
c) Gray Matter: Prefrontal Lateralization 
!
 In our study, patients had a significantly smaller leftward MFG cortical thickness 
lateralization compared to controls. This MFG leftward lateralization has been 
documented in healthy adults (Luders, Narr et al. 2006, Plessen, Hugdahl et al. 2014). 
Moreover, reduction of left hemisphere dominance has been observed in patients with 
schizophrenia, and has been linked to the severity of symptoms (Oertel,Knöchel et al. 
2010, Ribolsi 2009). Indeed, it was hypothesized that a number of symptoms of 
schizophrenia are related not only to the failure to establish left hemisphere dominance, 
but also to the increased involvement of the right hemisphere in language functions, 
leading to several symptoms (Mitchell and Crow 2005). Exemplifying this, a study by 
Walter, Wunderlich et al. (2003) showed that healthy controls had a left frontal cortex 
dominance during verbal working memory, and a right frontal cortex dominance for 
spatial working memory. On the other hand, this dominance was lost in schizophrenic 
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patients, and patients even showed a negative relationship between the activation of the 
right frontal area and verbal working memory (Walter, Wunderlich et al. 2003).  
This goes in line with our cortical thickness results. Indeed, our results show that 
controls performed better in the executive aspect of our task when they had an increased 
leftward lateralization of the prefrontal cortex, but this advantage was not present in 
patients. Moreover, this relationship was only present for the executive aspect of the task 
in the control group. This implies that increased hemispheric specialization could 
improve attentional and manipulative processes, as well as encoding strategies, in the 
control group, while this advantage would be lost in patients. It is interesting to see that 
gray matter lateralization correlates with the executive aspect of the task in controls, but 
not in patients. Indeed, the fact that patients did not present this correlation could be 
explained by two non-mutually exclusive hypotheses. First, it is possible that patients do 
not have a relationship between the gray matter lateralization and the executive aspect of 
the task as they have a reduced leftward lateralization of this region, as illustrated by the 
group differences. Second, this could be due to the reduced leftward lateralization of the 
fibre connecting the prefrontal to the parietal cortex. Indeed, if the SLF, and SLF II 
lateralization were inadequate in patients, the advantage of the prefrontal cortical 
thickness leftward lateralization during the executive aspect of the task would be lost, as 
illustrated by the absence of correlation with gray matter lateralization in the patient 
group. In short, the lack of correlation between the executive aspect of the task, and the 
leftward prefrontal cortical thickness lateralization could be due to reduced leftward 
lateralization of the white matter connecting it to other regions. Therefore, an increased 
gray matter leftward lateralization would not be as beneficial, as its connectivity itself 
would be aberrant. This hypothesis also fits with our white matter results, which revealed 
that patients had a correlation between the leftward lateralization of the SLF and SLF II, 
while there was no effect in controls. This might come from the fact that SLF and SLF II 
lateralization is a limiting factor in patients, which could underpin the greater 
lateralization effect in that group.  
Finally, it is important to assess why we observed cortical thickness lateralization 
group differences, but no SLF or SLF II LI group differences. Indeed, our white matter 
study showed a lateralization effect, but no group differences. This could be explained by 
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several factors. First, the literature on SLF lateralization is heterogeneous. Indeed, in 
healthy subjects, the SLF, and especially its temporal connection has been observed as 
left lateralized (Powell, Parker et al. 2006, Catani, Allin et al. 2007, Vernooij, Smits et al. 
2007), while the SLF II has been observed as symmetrically distributed (Powell, Parker 
et al. 2006, de Schotten, Dell'Acqua et al. 2011), or lateralized to the right (Chechlacz, 
Gillebert et al. 2015). Lateralization thus seems to be a carefully regulated balance, rather 
than absolute hemispheric asymmetry. Second, the decreased leftward lateralization 
cortical thickness in patients encompasses a large prefrontal area. Therefore, a reduction 
of the prefrontal white matter leftward asymmetry might not be fully represented by the 
SLF or the SLF II. Indeed, those fibres are only part of the circuit connecting the 
prefrontal cortex to other regions, which could explain the lack of absolute lateralization. 
All in all, even if no group differences were found for the SLF and SLF II, our gray and 
white matter studies revealed a clear link and alteration between the executive aspect of 
the active binding task and the left lateralization of the prefrontal-parietal network. This 
suggests that there could be a possible attenuation in this network’s lateralization in 
patients with schizophrenia.  
Lastly, our results are interesting as the prefrontal-parietal network reorganization 
occurs until early adulthood, and corresponds to the onset of the disease (Canu, Agosta et 
al. 2015). The SLF is one of the last connections to be myelinated (Clemm von 
Hohenberg, Pasternak et al. 2014, Lett, Voineskos et al. 2014). Indeed, a study showed 
that the majority of white matter development occurs after birth, and that the SLF reaches 
90 % of its development between the ages of 13 to 20 (Lebel, Walker et al. 2008). 
Instauration of the SLF lateralization also occurs during development, and was 
hypothesized to represent network maturity, and specialization in order to increase 
efficiency (Lebel, Walker et al. 2008, Catani and de Schotten 2012, Zhou, Lebel et al. 
2013). This also applies to gray matter, as studies show that the VLPFC matures before 
the DLFPC (Gogtay, Giedd et al. 2004), and that the development of the latter is related 
to higher cognitive processes (Crone, Wendelken et al. 2006). In that study, the gray 
matter development, and more particularly of the DLPFC, was related to increased 
manipulation capacities (Crone, Wendelken et al. 2006). Supporting this, the 
development of the left prefrontal-parietal network was related to the development of 
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working memory capacity (Karlsgodt, Sun et al. 2008, Vestergaard, Madsen et al. 2011). 
The effect of age on our white matter and gray matter lateralization results was thus 
conducted in order to establish if this applied to our studied group. No correlations 
between age and neither left nor right FA, or with cortical thickness values for both 
groups were found. Surprisingly, there was a significant negative correlation between age 
and the SLF asymmetry in controls, but not in patients (Supplementary Table VII). This 
decreased leftward lateralization in the control group could be explained by their age. 
Indeed, controls have a mean age of 33 years, and it is thought that SLF FA peaks around 
the mid-twenties, after which it decreases, a phenomenon hypothesized to be related to 
cognitive decline with age (Lebel, Gee et al. 2012, Olson, Heide et al. 2015). Hence, in 
order to study the effect of maturation of the SLF, participants from childhood to teenage 
years would have been more appropriate. Nevertheless, our study could still suggest that 
improper lateralization during neurodevelopment could cause schizophrenia symptoms, 
such as working memory deficit.  
 
All in all, the prefrontal-parietal improper lateralization could cause a number of 
deficits in schizophrenia, which goes in line with cognitive findings. Indeed, the 
development of the network follows the progression of working memory deficits. As 
mentioned, cognitive deficits are observed during the premorbid phase, and can 
deteriorate at onset until they stabilize (Tandon, Nasrallah et al. 2009, APA 2013, Keefe 
2014). Our results could suggest that this improper lateralization could affect cognitive 
functions of higher order, such as those held by the central executive in Baddeley’s 
model, which was represented in this study as the executive aspect of the active binding 






There are several limits to this study. Contrary to our hypotheses, no cortical 
thickness group differences were observed, and the two main fibre tracks studied were 
not significantly different between groups. It would be tempting to propose that this could 
be due to small sample size (15 controls and 14 patients), yet, effect sizes show that this 
is probably not the case. However, other limits could explain this absence of group 
difference in anatomical values, which are usually observed in the schizophrenic 
population.   
First, all patients were taking medications. The most documented finding 
concerning the impact of medication is an increased basal ganglia volume (Celso Arango, 
Alan Breier et al. 2003, Buckley 2005), but it was also observed that patients who 
respond the most to antipsychotics usually have a restoration of anatomical values, in 
white and gray matter (Celso Arango, Alan Breier et al. 2003). Likewise, patients that 
have fewer anatomical abnormalities also respond better to treatment (Celso Arango, 
Alan Breier et al. 2003). Conversely, another study showed that long-term antipsychotic 
treatment reduced gray and white matter volumes (Ho, Andreasen et al. 2011), which was  
later replicated by a review combining 279 articles (Moncrieff and Leo 2010). Finally, 
antipsychotics also have an effect on cognition, but as mentioned, their effects on 
cognitive symptoms are low (Keefe, Silva et al. 1999). Antipsychotic treatment could 
therefore be an important cofounding factor of this study, as it could influence both 
anatomy and the cognition. Enrolling first-episode patients would have been 
advantageous, as it would have reduced the confounding factors, and even more so, as 
our study suggests that network maturation might be defective in schizophrenia. The 
inclusion of first-episode patients would control for various factors including medication, 
and duration of disease, as the latter influences anatomical values, with usually more 
widespread modification in chronic patients (Ellison-Wright, Glahn et al. 2008). 
However, we did not have access to that population. Nevertheless, the recent study of our 
laboratory showed that there was no correlation between the medication dosage and the 
activation levels or the performance in the patient group (Grot, Petel Légaré et al. 2017). 
Likewise, in the current study, no correlations were observed between medication 
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dosages as well as disease duration, and all performance or anatomical values. Therefore, 
we can suggest that medication and disease duration had little effect on our results. 
Another important issue is that IQ did not significantly differ between our patient, 
and control group (p=0.65). As mentioned, the schizophrenic population generally has a 
lower IQ. A deficit in active binding performance was observed. Yet, working memory 
deficits are present when controlling for IQ (Kremen, Seidman et al. 2001, Bowie and 
Harvey 2006). Therefore, our patient group might be composed of a number of high-
functioning patients, which might not be representative of the schizophrenic population in 
general. This might underpin the lack of anatomical differences in our study. However, 
we consider the fact that patients and controls have a matched IQ as an advantage in our 
case, as working memory performances are often correlates with IQ (Mohn, Sundet et al. 
2014). Moreover, it was documented that IQ correlates to a greater extent with higher 
executive function, such as our active binding task (Ackerman, Beier et al. 2005).  This is 
illustrated in our results as we observed a significant positive correlation for both groups 
between IQ and active binding performance, but not the passive task (Supplementary 
Table VI). Therefore, as IQ matches both groups, it allows us to correct this artefact, and 
suggests that lower IQ in the patient group did not influence our cognitive finding. 
Indeed, as both groups are matched in IQ, we can safely say that active binding deficit is 
not due to a generally lower IQ.  
Furthermore, the relationship between handedness and brain lateralization is not 
fully understood (Good, Johnsrude et al. 2001). Yet, handedness sometimes has an 
influence on anatomy (Knecht, Dräger et al. 2000). For example, there is an over-
representation of left-handed or ambidextrous individuals in schizophrenia, which could 
be related to aberrant lateralization of circuits (Gur 1977, Green, Satz et al. 1989, Crow 
2000). This goes in line with our current study, as only one left-handed individual was 
included, which was a patient. Moreover this individual had the highest patient 
performance, as well as the highest leftward lateralization of both SLF and SLF II, which 
might be due to the fact that he has an increased left-lateralized brain. As our exploratory 
study is based on brain lateralization, it would have been advantageous to only have 
right-handed subjects in order to reduce this confounding factor. Therefore, in order to 
verify that this participant did not cause the whole effect, partial correlations, controlling 
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for handedness, were computed between the LI values of both white and gray matter and 
the task performances. However, the significant relationship between task performance 
and LI values were still present (Supplementary Table IV, V). Moreover, cortical 
thickness group difference in lateralization was also computed while correcting for 
handedness, and the group difference survived (Supplementary Figure 1). Therefore, we 
decided not to correct for laterality index for all tasks, as the group were matched by 
handedness (p=0.33).  
 
Finally, the various methodologies all include limiting factors. First, all DWI, and 
especially deterministic tractography has the possibility of crossing fibres (Descoteaux 
and Poupon 2012). Crossing fibres refers to locations in which there is more than one 
single orientation. Deterministic tractography assumes there is one direction at each 
voxel, using only the principal eigenvector. It is therefore more vulnerable to noise, 
crossing fibres, or areas of high curvature (Descoteaux and Poupon 2012). However, in 
order to have a significant impact on the lateralization result, crossing fibres would have 
to be lateralized (Vernooij, Smits et al. 2007). Finally, the statistical threshold used for 
cortical thickness (RTF, p<0.05) was also quite liberal. However, we believe that it was 




Our previous study suggested that the specific active binding deficit could be 
underpinned by an alteration of the left prefrontal-parietal network (Grot, Petel Légaré et 
al. 2017). This network is responsible for various higher order processes such as 
manipulation, encoding strategies, and attentional processes, and could thus be 
responsible for this deficit. In this current study, we observed that anatomical 
modifications of the prefrontal-parietal network were related to the specific active 
binding deficit in schizophrenia. More specifically, the leftward lateralization of this 
network was altered in patients, suggesting that proper development and network 
formation is compromised in patients. This lateralization process occurs during 
development, and correlates disease onset. Our results thus support the 
neurodevelopmental hypothesis of schizophrenia, and highlight the importance of 
connectivity studies in patients with schizophrenia. Moreover, our results go in line with 
the prefrontal dysconnectivity hypothesis, which stipulates that hypofrontality would lead 
to a number of cognitive symptoms. Further anatomical studies have to be conducted on 
the prefrontal-parietal network in schizophrenia to determine whether this network is 
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Supplementary Table I: Left and Right FA Average Values (standard deviation) of all 





1 One control did not have an arcuate fasciculus, which is a finding documented in a number of study 
(Catani, Allin et al. 2007). 







Supplementary Table III:  Pearson Correlations Between the Cortical Thickness MFG 
Lateralization Values and the LI Values of the SLF and SLF II 
 
 Controls  Patients  
 FA Left FA Right FA Left FA Right 
SLF 0.477 (0.004) 0.483 (0.004) 0.470 (0.004) 0.473 (0.005) 
UF 0.433 (0.004) 0.447 (0.004) 0.424 (0.004) 0.436 (0.005) 
SLF II 0.451 (0.006) 0.456 (0.006) 0.437 (0.006) 0.450 (0.008) 
Arcuate 0.488 (0.006) 0.451 (0.032) 1 0.496 (0.004) 0.474 (0.006) 
 Controls Patients 
SLF -0.006 (0.004) -0.002 (0.004) 
UF -0.005 (0.004) -0.013 (0.004) 
SLF II -0.006 (0.007) -0.014 (0.011) 
Arcuate 0.075 (0.064) 0.023 (0.003) 
 Controls Patients 
 Cortical Thickness     MGF Lateralization  
SLF LI r=-0.50, p=0.06 r=0.07, p=0.81 
SLF II LI r=0.04, p=0.90 r=0.37, p=0.20 
! 142 
Supplementary Table IV: Partial Pearson Correlations Between the Tasks and the LI 













*Significant correlations, corrected FDR 
 
Supplementary Table V: Partial Pearson Correlations Between the Tasks and the LI 
Values of the SLF, and SLF II, Controlled for Handedness 
  
 Controls Patients 
 BaBp Contrast BaBp Contrast 
LI SLF r=-0.31, p=0.28 r=0.62, p=0.02* 
LI SLF II r=0.01, p=0.974 r=0.63, p=0.02* 
Cortical Thickness LI r=0.70, p=0.006* r=0.46, p=0.12 
*Significant correlations corrected FDR 
!
Supplementary Table VI: Pearson Correlations Anatomical Values and IQ for both 
Groups 
!
 Controls Patients 
 IQ IQ 
Ba  r=0.59, p=0.02* r=0.61, p=0.02* 
Bp  r=0.29, p=0.29 r=-0.36, p=0.21 
BaBp r=0.62, p=0.01* r=0.61, p=0.02* 








































Supplementary Table VI: Pearson Correlations Anatomical Values and Age for both 
Groups 
 Controls Patients 
 Age Age 
SLF FA Left  r=-0.22, p=0.44 r=-0.36, p=0.38 
SLF FA Right  r=0.34, p=0.22 r=-0.27, p=0.36 
SLF II FA Left r=-0.31, p=0.28 r=-0.29, p=0.31 
SLF II Right r=0.00, p=1.00 r=0.23, p=0.43 
LI SLF r=-0.69, p=0.004* r=0.10, p=0.74 
LI SLF II r=-0.32, p=0.24 r=-0.40, p=0.16 
Cortical Thickness LI r=0.19, p=0.50 r=-0.54, p=0.05 
*Significant correlations corrected FDR 
 
Supplementary Figure 1: Cortical Thickness Lateralization Group Differences, 
Corrected for Handedness 
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We investigated the contribution of the left superior longitudinal fasciculus (SLF) II integrity on 
active binding deficits in patients with schizophrenia (SZ). Fourteen patients and 15 matched 
controls performed a binding task, in which they were instructed to memorize actively or 
passively the combinations of three letters and three spatial locations. Tractography was used to 
estimate fractional anisotropy (FA) in the left SLF II. Patients with low-FA values exhibited a 
specific deficit of active binding, while patients with high-FA values performed equally well as 
controls. These results suggest that altered left frontal-parietal connectivity contributes to active 
binding dysfunction in SZ.  
 
 




In the past two decades, working memory (WM) deficits have emerged as a cardinal feature of 
schizophrenia (SZ). Researches revealed WM deficits across different tasks, stimuli modalities, 
or temporal components of events (see Park and Gooding, 2014 for a review). Recently, we shed 
light on an aspect of WM dysfunction that has received limited attention so far by examining the 
processing of multimodal stimuli, for which participants had to memorize the association 
between multiple information (Giersch et al., 2011; Grot et al., 2014, 2017; Luck et al., 2008, 
2009, 2010). This associative process, usually referred to as binding, may be of great importance 
in SZ, as its disturbance might induce incomplete or inaccurate representations (Mitchell and 
Johnson, 2009). Using fMRI, we examined the neural correlates of two forms of binding using a 
task in which the participants had to memorize the combination of three words and three spatial 
locations (Grot et al., 2017). In the passive binding condition, letters and spatial locations were 
directly presented as bound. Conversely, in the active binding condition, words and spatial 
locations were presented as separated, and participants were instructed to intentionally create 
associations between them. Patients exhibited similar performance to the controls for passive 
binding, but significantly lower performance for active binding. FMRI analyses revealed that this 
active binding deficit was related to aberrant activity in the left frontal (superior and middle) and 
posterior parietal (inferior and superior) cortices during encoding. We interpreted these results as 
reflecting altered spatial attention in patients, that is required for correctly memorizing actively 
bound information in WM (Grot et al., 2017).  
Frontal and parietal regions are connected through the superior longitudinal fasciculus (SLF), an 
associative fiber that has been frequently reported as altered in SZ (Canu et al. 2015; Pérez-
Iglesias et al. 2010; Schaeffer et al., 2015; Shergill et al., 2007; Zeng et al., 2016). This white 
matter track is considered as composed of three different components: SLF I, II, and III (Makris 
 4 
et al. 2005). Among them, the SLF II is of interest in this study as it connects posterior parietal 
and prefrontal cortices (Catani and de Schotten 2012; Wassermann et al. 2016). In addition, some 
evidence suggest that it contributes to WM processes in healthy individuals (Chechlacz et al., 
2015; Kinoshita et al., 2016), but also in patients with SZ (Zeng et al., 2016). For instance, Zeng 
and collaborators (2016) reported a positive correlation between the left SLF integrity and WM 
performance. 
The present study aimed to investigate whether active binding deficits reported in patients with 
SZ are related to the left SLF II integrity, using tractography. We hypothesized that: First, 
patients would exhibit altered white matter integrity in the SLF II relative to controls. Second, 
this alteration of white matter would be related to impaired active binding in patients.  
 
2. MATERIAL AND METHODS 
2.1. Participants 
Fourteen outpatients and 15 healthy controls, group-matched for age, gender, handedness, 
parental socio-economic status, and IQ (Table S1), completed this study. All participants were 
part of a neuroimaging study being conducted at the Institut Universitaire en Santé Mentale de 
Montréal, Canada. Recruitment methods and inclusion/exclusion criteria have been previously 
reported (Grot et al., 2017). The Regroupement Neuroimagerie/Québec Ethical Review Board 
approved the study. All participants signed an informed consent form prior to the experiment and 




While in the scanner, participants performed a WM binding task (for more details see Grot et al., 
2017). Briefly, they were instructed to memorize three words and three spatial locations they had 
to mentally bind (active binding) or that were directly presented as bound (passive binding).  
For details about the diffusion-weighted images (DWI) acquisition and tractography processing, 
refer to Supplemental methods. Figure 1 illustrates trajectory of the left SLF II.  
 
Figure 1 about here 
 
2.3. Statistical analyses  
Mean fractional anisotropy (FA) was used as a measure of white matter integrity (Beaulieu, 
2002). A Student two-sample t-test was performed to measure group differences. In addition, 
correlation analyses were performed to explore the presence of potential confounds. Thus, the 
relationships between FA and age, education, and antipsychotic dose were examined. These 
factors were selected given their relationships with white matter integrity (Minami et al., 2003; 
Mori et al., 2007; Okugawa et al., 2004; Takase et al., 2004). B-Y method FDR corrections were 
applied to control for multiple comparisons (Narum, 2006).  
Accuracy was estimated using the Pr index (Hits–False Alarms), to provide an objective measure 
of sensitivity that is independent of participant response bias (Snodgrass and Corwin, 1988). In 
order to establish if WM binding performance were related to SLF II integrity, we used a median 
split on FA values in both the SZ and control groups. We divided the two groups into a subgroup 
of high FA values (H-FA) and low-FA values (L-FA). Neither subgroups differed in 
sociodemographic, in clinical data, or in IQ (p> 0.05 in all cases). An analysis of variance 
(ANOVA) was performed with group (patients vs. controls) and FA level (H-FA vs. L-FA) as a 
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between-group factors, and binding conditions (active binding vs. passive binding) as a within-
group factor. When needed, Duncan test comparisons were performed for post-hoc analyses.  
The alpha level was set at 0.05 in all analyses.  
 
3. RESULTS  
3.1. Analyses of DTI data 
The statistical analysis revealed that patient (mean: 0.44; SEM: 0.05) and control groups (mean: 
0.45; SEM: 0.05) did not differ significantly on FA (t27=1.60; p=0.12; d=0.39).  
A set of correlations was also performed to examine the potential impact of sociodemographic 
characteristics, or medication on FA values. None of the analyses showed any significant 
correlations (all ps>0.05 after correction), indicating that SLF II integrity was unlikely influenced 
by these factors. 
 
3.2. Impact of FA on behavioral performance 
Pr scores are illustrated in Figure 2, and summarized in Table S2. The ANOVA showed a group 
X FA level X binding conditions significant interaction (F(1,25)=6.24; p=0.02; η2=0.20). Post-
hoc analyses revealed that the patients L-FA subgroup differed from the other three subgroups for 
active binding (all p< 0.004), but not for passive binding (all p> 0.5). No other comparison 
reached significance (all p> 0.24).  
 




Using tractography, we investigated the impact of frontal-parietal connectivity on WM binding in 
patients with SZ and healthy controls. More precisely, we examined whether the integrity of the 
SLF II contributed to the active binding deficit in patients we observed in a previous study (Grot 
et al., 2017). Contrary to our hypothesis, our analyzes showed that this tract was intact in patients 
with SZ. This result is in contradiction with previous studies which showed alterations of the 
SLF. However, there is no consensus as other studies failed to report such alterations (Guo et al., 
2012; Zhou et al., 2017). In addition, only a few studies focused on the component II of the SLF 
specifically, not considering the temporal part of the whole SLF (Schaeffer et al., 2015). Another 
explanation relies on the limited sample of participants, although the computation of the effect 
size analysis showed that significant differences could be expected with a total sample size of 280 
participants. 
Our main result showed that the SLF II integrity was related to active binding performance in 
patients with SZ. Specifically, our analyzes revealed that patients with low FA values had a 
specific deficit of active binding, relative to patients with high FA values and controls, for whom 
binding performance did not appear to be influenced by FA values. As for patients with high FA 
values, no binding deficit was observed. Together, these results suggest that FA values may be an 
indicator for predicting active binding dysfunction, which we suggested as related to dysfunctions 
in attentional processes (see Grot et al., 2017 for an elaborated discussion).  
Some limitations should be considered. Although our analyses revealed acceptable effect sizes, 
our samples remained modest. Thus, we consider that our results are preliminary and need to be 
evaluated within a larger cohort. In addition, the patients group exhibited intact IQ, which may 
have lead us to select high-functioning patients who may not be representative of the larger SZ 
population.  
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The present findings provide evidence to suggest that altered left frontal-parietal connectivity 
contributes to WM dysfunction in patients with SZ, and especially when they had to mentally 
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Figure 2: Behavioral performance. Mean Pr (hits – false alarms) scores for binding conditions are 
shown for patients and controls with low-FA values (L-FA) or high-FA values (H-FA). Errors 
bars represent SEM. * p< 0.004. 
 
 
 
